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ABSTRACT
1. The aim of this study was to characterize the structural organization of the 
human alpha class glutathione S-transferase gene family, about which no 
information was available. This characterization was performed by the isolation, 
restriction endonuclease mapping, and sequence analysis of human genomic 
clones.
2. A human alpha class cDNA clone (Board and Webb, 1987) was used to isolate 
17 AEMBL3A clones from a human genomic library. Restriction endonuclease 
analysis of the 17 clones revealed 7 clones having unique patterns of digestion, 
which were selected for further analysis.
3. Restriction endonuclease maps were constructed for each of the seven genomic 
clones, totalling 90kb of noncontiguous human genomic DNA. The restriction 
mapping data indicated that clones X2-4 and A6-1 overlapped, as did also A5-3 and 
XI.
4. Portions of genes appearing to encode the predominant human liver alpha class 
GST transcripts were characterized, including exons 1 to 3 and 1.7kb of the 5’ 
flanking region of A6-lb, the gene appearing to encode GST2, the major human 
liver isozyme. Exons 6 and 7 of the A7a, the gene appearing to encode the GTH 
isozyme were characterized as was the entire coding region of a novel apparently 
bone fide alpha class GST gene, A06.
5. Large regions of 4 human alpha class GST pseudogenes were characterized, 
with two of them (A5-3 and A2-5) appearing to have gross deletions involving the 
loss of exons 1 and 2 and in the case of A5-3, exon 6 was also missing.
6. In two instances a gene was closely adjoining a pseudogene. Exon 7 of A6-la was 
determined to be located only 1.7kb from exon 1 of A6-lb, and exon 7 of A7a was 
shown to also be in close proximity to the truncated A7b.
7. The 5’ flanking region of A6-lb was analysed for potential regulatory elements. 
A xenobiotic response element (XRE) like region (Rushmore and Pickett, 1990) 
containing two XRE core sequences (Denison et al., 1989) was identified. Putative 
antioxidant response element (ARE; Rushmore et al., 1990) and hepatocyte 
nuclear factor 1 (HNF1; Courtois et al., 1988) recognition sequences were 
identified, as were two drug response elements (DRE; Sogawa et al., 1986). 
Furthermore it appears that the human alpha class GST genes may be heat shock 
and stress inducible as 5 heat shock elements (HSE) were located, three of them in 
a grouped and overlapping configuration characteristic of HSEs (Bienz and 
Pelham, 1987). A well conserved TATA box and a possible CAAT box were also 
identified.
8. Regulatory signals in five 3’ UTRs were also identified and it appears that each 
has appropriate signals for the efficient termination of transcription.
9. The first evolutionary analysis of any GST genes was undertaken, and indicated 
that the human alpha class GST genes characterized in the present study are likely 
to be more closely related to the rat Yc gene(s) than to the rat Ya gene(s).
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Chapter One
General Introduction
11.1 FUNCTIONS OF GLUTATHIONE S-TRANSFERASE
The glutathione S-transferases are a large family of enzymes that catalyze 
the nucleophilic attack of the sulphur atom of glutathione on the electrophilic 
groups in a second substrate (Mannervick, 1985). Most of the known substrates for 
the conjugation reaction are environmentally derived and include many known 
mutagens and carcinogens as well as a number of therapeutic compounds. The 
GSTs and their role in mercapturic acid biosynthesis were first recognised by 
Booth et al. (1961). Conjugation with glutathione via the sulphur atom increases 
the aqueous solubility of the substrate. As a result of further action by peptidases 
and transferases to remove glutamic and glycine residues, and the subsequent 
acetylation of the cysteine, the glutathione conjugate can be degraded to a 
mercapturic acid and excreted in the urine (for review, see Boyland and Chassaud, 
1969).
The GSTs may also serve as an intracellular carrier protein of certain organic 
(hydrophobic) molecules (e.g. haeme, bilirubin, and steroids), an intracellular 
equivalent of albumin in blood (Tipping and Ketterer, 1978; Bhargava et al., 1978; 
Wolkoff et al., 1979; Harvey and Beutler, 1982; Homma and Listowsky, 1985; 
Sengo et al., 1985). The early name for GSTs of ligandin reflects this role (Litwack 
et al., 1971). Recent evidence lending support to these claims comes with the 
cloning of the mouse peroxisome proliferator activated receptor (mPPAR; 
Issemann and Green, 1990), and the demonstration that the most potent 
peroxisome inducers are also the most potent in receptor-mediated activation of 
phase I and II drug metabolizing enzymes (e.g. cytochrome P-450s and GSTs). 
Subsequently, Nebert (1990) has proposed that the drug metabolizing enzymes, 
such as GST, may be responsible for controlling the steady-state levels of small 
bio-organic oxygenated molecules (including steroids) that act as signals for growth 
differentiation, virulence, and even tumor promotion, and that the mPPAR 
mediates one of many such growth transduction pathways. Nebert suggests that 
known exogenous inducers of drug metabolizing enzymes are likely to be
2mimicking a structurally similar endogenous chemical that has an important role in 
growth or morphogenesis. The suggestions of Nebert are in accord with earlier 
findings by Chang et al. (1987) that transcription of the rat Ybl mRNA is 
androgen-repressed, and their suggestion that some GSTs may have a role in 
autoregulation of growth of androgen-sensitive organs. Further support for such a 
role for GST are the findings of Moscow et al. (1988), who have described an 
inverse association between human GST3 expression and estrogen receptor (ER) 
content of cells, observed whilst investigating multi-drug resistance in primary 
breast cancer cells.
GSTs have been observed to covalently bind reactive electrophilic toxins, 
presumably leading to their immobilization and inactivation (Jakoby, 1976; Hayes 
and Wolf, 1988). However, little is known about this proposed role. Evidence has 
also been presented that a rat liver GST is a DNA-binding nonhistone protein that 
co-localizes with U-snRNPs within discrete nuclear domains (Bennet et al., 1986).
Some GST isozymes show peroxidase activity (Mannervik et al., 1985), an 
observation which has led to the suggestion that those GSTs may participate in the 
prostaglandin endoperoxide pathway, and have a role in prostaglandin biosynthesis 
(Burgess et al., 1989), as well as protecting against damage from lipid peroxides. 
Leucotriene C4  has been shown to be a glutathione conjugate suggesting that a 
GST isozyme may be involved in its synthesis from leucotriene A4  (Samuelson, 
1983). Bora et al. (1989) have recently identified enzymes with GST activity and 
sequence homology with known GSTs that appear to synthesize fatty acid ethyl 
esters. Thus an additional role of GSTs may be as part of a non-oxidative 
metabolic path for ethanol. However Suzuki et al. (1990) have shown that fatty 
acid ethyl ester synthesis is not a general property of all human GSTs. Several of 
the human and rat GSTs have been shown to have a delta^-3-ketosteroid 
isomerase activity, suggested to be catalysed by a similar mechanism to that 
involved in the conjugation of glutathione (Benson et al., 1977).
2The known substrates of GSTs predominantly consist of exogenous 
compounds, although some endogenous substrates for glutathione conjugation 
have been identified (Mannervik and Danielson, 1988). The majority of the 
substrates used to study GST catalysis are products of modern chemical industry 
and have little biological relevance and give low enzyme activity (Mannervik and 
Danielson, 1988). The most commonly used substrate is 1-chloro 2,4- 
dinitrobenzine (CDNB). It is generally assumed though, that like the industrial 
substrates, the natural substrates are toxic or potentially toxic, reactive 
electrophiles. GST isozymes vary in their activity towards substrates, for example 
maize GST shows low activity towards CDNB but higher activity towards the 
herbicide atrazine (Timmerman and Tu, 1987), whilst the rat 8-8 isozyme has a 
specific activity with 4 hydroxyalk-2-enals over 20 times that of any other rat GST 
(Jenson et al., 1986). The GST isozymes thus have distinctbut often overlapping 
activity profiles, therefore a broad spectrum of protection may be conferred. The 
GSTs therefore have an important role in drug biotransformation and metabolism 
of xenobiotics, in addition to likely, but as yet poorly understood, mediating roles 
involving an unknown number of endogenous compounds.
In recent years the application of the techniques of molecular biology to 
the study of the GST multigene family has enabled a rapid expansion in our 
knowledge of GST gene structure, diversity, and regulation. The following sections 
of this chapter will evaluate aspects of the current state of understanding of the 
GSTs in light of the plethora of recent molecular data.
1.2 OCCURRENCE OF GLUTATHIONE S-TRANSFERASE
GSTs are abundant in most forms of life investigated, from bacteria to 
humans (Jakoby and Habig, 1980; Suzuki et al., 1987), including elasmobranchs, 
teleosts, and crustaceans (Bend et al., 1977), ticks, flies, and locusts (Jakoby and 
Habig, 1980), as well as certain higher plants (Lamoureux and Frear, 1979); 
however since glutathione is essentially limited to aerobic organisms (Mannervik
4and Danielson, 1988), GSTs cannot be expected to occur in other (anaerobic) 
forms of life. Where GST is found there usually exist multiple forms with a range 
of catalytic specificities. In mammals, the major location of GSTs is the liver - 
following induction by phenobarbital, GST has been shown to constitute up to 
20% of total extractable rat liver protein, whilst basal levels in the rat are still a 
significant 10% of soluble liver protein (Jakoby and Habig, 1980). GST is also 
expressed in most other tissues examined, including brain, testis, heart, skin and 
pancreas (Suzuki et al., 1987; Del Boccio et al., 1987). In addition, a functionally 
recognisable microsomal GST is known to exist (Morgenstern et al., 1985), but is 
structurally unrelated to the cytosolic enzymes, although having a limited similarity 
to maize GSTs, perhaps suggestive of a distant relationship between the two forms 
(Mannervik and Danielson, 1988). Interestingly, recently characterized dipteran 
GSTs also appear to be more similar to maize GST than to the mammalian or 
parasite forms (Board, pers. comm.; Toung et al., 1990).
GST expression is developmental^ regulated and tissue specific and may 
be altered by inducers of drug metabolism (Warholm et al., 1981; Mantle et al., 
1987). For example isoelectric focussing profiles of proteins from a number of rat 
tissues show that virtually every organ has a different GST composition 
(Mannervik et al., 1983). Similarly in humans, tissue specific expression of GSTs is 
well documented (e.g. Suzuki et al., 1987). Correspondingly, within a given organ 
there exist variations in the expression of GSTs amongst the different cell types, as 
evidenced by the use of immunohistochemical techniques (Mannervik et al., 1990). 
Developmental^ specific variations in GST occurrence are well documented (for a 
recent review, see Strange et al., 1990), with for example, human fetal liver and 
adrenal gland expressing high levels of pi class GST, whereas this enzyme form is 
expressed at very low levels in the corresponding adult tissues (Mannervik et al., 
1983; Guthenberg et al., 1986).
Some GSTs are expressed at high levels in mammalian tumor cells, for 
example high levels of pi class GST are often found in malignant tumors and in
5cells that have undergone a neoplastic transformation (reviewed in Neal et al., 
1988). The GSTs have been implicated in the development of multiple drug 
resistance (discussed in section 1.7) often encountered in the chemotherapy of 
cancer (Mantle et al., 1987; Moscow and Cowan, 1988).
In an intriguing recently described example of opportunistic 
economization of protein use, a protein sharing considerable resemblance to 
mammalian GST was identified as a major structural component of squid lens 
(Stanislov and Zinoviera, 1988).
Given the extent of GST prevalence in organisms studied to date, it is 
reasonable to expect that an organism having cellular glutathione, but with a 
complete absence of GST, is likely to be very much an exceptional case.
1.3 NOMENCLATURE AND CLASSIFICATION
Since a full understanding of the function of the GSTs is lacking, and 
"natural" substrates are essentially unknown, classification cannot be based on 
these factors. Partly as a result of the above factors, and also as a consequence of 
the multigene status of the GST gene family, a variety of nomenclature systems 
have evolved, some in quite wide use, others adopted only in their laboratories of 
origin. Most studies of GSTs have concerned rat, human and to a lesser degree 
mouse enzymes, so the current classification systems mainly represent the findings 
from these species, and may not be applicable to GST enzyme systems of other 
organisms.
A system proposed by Kamisaka et al. (1975), was based upon the order of 
fractionation of the different peaks from CM Sephadex, assigning to each peak a 
greek symbol a to 6, where e was the most basic. Subsequently characterized 
isozymes have been designated other greek symbols. However this system with its 
classification based upon acid/base status has proved inadequate in coping with 
the subsequent onslaught of molecular data.
6The first attempt to define a nomenclature system based upon the genetic 
interrelationships between isozymes was made by Board (1981). With the use of 
non-denaturing electrophoresis and a specific GST activity staining technique 
(Board, 1980, 1981), it became apparent that the multiple GST isozymes observed 
were the products of three loci, termed GST1, GST2, and GST3. Subsequently, 
support for the model has emerged from several other laboratories (Strange et al., 
1984; Akyama and Abe, 1984; Harada et al., 1987). The identification of further 
isozymes has led to the proposition of additional loci termed GST4, GST5, and 
GST6 (Suzuki et al., 1987). The system of Board has proved itself as useful, 
particularly with regard to the human isozymes upon which it was established, 
nevertheless, the results of ongoing studies subsequent to its proposal, have added 
to our understanding of the relationships between many of the GSTs, and thus 
there developed a need for a system highlighting the evolutionary relationships 
amongst the GSTs, one with a broad cross-species utility.
Largely possible as a result of the increasing body of data available from 
extensive substrate specificity studies, inhibitor and immunological investigations, 
over a wide range of GSTs, Mannervick (1985) proposed a classification system of 
3 evolutionary classes. These classes differ in immunological and biochemical 
characteristics, and this classification system constitutes perhaps the most useful 
system defined to date. The system is in accord with, and is given further validity 
by the fast-growing body of protein sequence data. Data from ongoing studies at 
the nucleic acid level also add support to the proposal of Mannervik. The classes 
are designated the Greek letters of alpha, mu and pi, and account for most of the 
rat, human and mouse isozymes described, and correspond respectively to the 
GST2, GST1, and GST3 loci proposed by Board (1981), with structural data 
indicating that the GST4 and GST5 loci belong in the mu class. A significant 
exception are the microsomal GSTs which do not fall into any of the 3 classes (De 
Jong et al., 1988). The human GST6 isozyme, was suspected to lie outside the 
three broad classes (Suzuki et al., 1987) because it originally failed to show cross
7reaction to antisera from the three major classes, however structural data tend to 
link it to the mu class (Suzuki and Board, pers comm.). GST6 is a heterodimer 
with a fairly general tissue distribution, although is absent from many individuals.
Glutathione transferases to date have predominantly been identified by 
their ability to bind to either a glutathione agarose or hexylglutathione agarose 
affinity matrix, and by their ability to utilize the model substrate l-chloro-2,4- 
dinitrobenzine (CDNB). Thus it is possible that further GSTs remain 
uncharacterized as a result of having only one or neither of these properties. In 
support of this contention is the recent identification of rat isozymes that neither 
utilize CDNB nor bind to glutathione affinity columns, which instead have high 
activity with DNA hydroperoxides and reactive sulphate esters (Tan et al., 1988; 
Hiratsuka et al., 1990). It has been proposed that these enzymes may represent an 
additional evolutionary class, designated Theta (Hiratsuka et al., 1990), and it must 
be considered highly likely that equivalent human enzymes await characterization.
A Schistosoma japonicum GST has been characterized that has a primary 
structure which clearly places it into the Mu class (Smith et al., 1986). Three amino 
acid sequences from maize GSTs, which have some very limited similarity to the 
animal GSTs, do not fit into any of the three classes (Moore et al., 1986; Grove et 
al., 1988). Surprisingly, recently identified insect GSTs (.Drosophila melanogaster, 
Toung et al., 1990; Lucilia cuprina, Board and Russell, unpublished data, pers. 
comm.) bear no significant sequence similarity to the mammalian GSTs, despite 
binding to GSH affinity columns and utilizing CDNB, yet show limited homology 
with the maize GST III (Tu et al., 1990). It is possible that related enzymes may 
exist in mammals, however cross-hybridization between a Lucilia cuprina cDNA 
and human genomic DNA was not detected (Board and Russell, unpublished data, 
pers. comm.).
Therefore it seems that the classification system of Mannervik may have 
better applicability to some species than to others, nevertheless it is possible that
8there exist further classes having an interspecies generality into which the present 
exceptions may be placed.
To date, in this review, reference has been made only to GST isozymes in 
their monomeric forms. In vivo the GSTs are almost always in dimeric form. The 
exceptions are the major GST of the protozoan Tetrahymena thermophila, thought 
to be a monomer (Overbaugh et al., 1988) and microsomal GSTs, thought to be 
either tri or tetramers (Morgenstern and DePierre, 1983; Boyer et al., 1986). 
However, in the normal dimeric form subunits interact to form stable homo- or 
heterodimeric structures. Importantly though, GST monomers have been found to 
only form heterodimers with subunits from within their own class (Mannervik et 
al., 1985), a finding which lends support to the grouping into three classes. 
Furthermore, interspecies hybrids can be formed in vitro, for example between 
human GST mu and mouse GST Nl-1, however both are from the Mu class. A 
future application of this finding could be the determination of interspecies 
classification by ability to form hybrid heterodimers (Mannervik and Danielson, 
1988).
1.4 GLUTATHIONE S-TRANSFERASE PROTEIN STRUCTURE
Although some GST amino acid sequences have been determined entirely 
by the techniques of protein chemistry, the majority have been deduced from 
corresponding cDNA structures. Of those proteins sequenced directly (as 
proteins) all to date have lacked the N-terminal methionine residue encoded by 
the initiator codon, ATG, thus although this amino acid is shown as present in the 
tables of protein sequences presented in chapter 3 (figure 3.7), it is reasonable to 
assume that the in vivo protein is generally likely to lack this residue. The deduced 
protein sequences from nucleic acid data have been particularly welcome in the 
case of the alpha class proteins, since most are chemically blocked at the N- 
terminal, and thus direct determination of N-terminal sequence has in many cases 
been prevented (Alin et al., 1985). The removal of the N-terminal methionine is
9the only documented example of post-translational modification in any of the 
GSTs. Consensus sequences for N-glycosylation have not been found in any GST 
sequence analysed to date (Tu et al., 1987), inclusive of the deduced sequences 
presented in the present study.
As mentioned earlier, the protein primary structures fully validate the 
proposed class divisions of Mannervik (1985), with similarities between members 
of a class within and across species, consistently exceeding those between members 
of different classes.
There is little known about GST secondary and tertiary structure, although 
crystallization of members of all three classes of GST has now been accomplished 
(Sesay et al., 1987; Schaffer et al., 1988; Cowan et al., 1989), and is beginning to 
yield protein structural information, although a complete tertiary structure is not 
yet available.
Nevertheless, some structural information has been obtained by a 
combination of inference and indirect methods. The somewhat inaccurate method 
of circular dichroism spectroscopy has indicated the presence of 23% a-helical, and 
25% /^-structure in a human mu class GST (Warholm et al., 1983), however given 
the limitations of this method these data must be regarded as tentative.
Inference of protein tertiary structure from primary sequence data is also 
an unreliable business, however analysis of five rat subunits (1, 2, 3, 4, and 7, 
representative of all three classes of GST) yielded results indicating a similar 
extent of a-helix and ^-structure amongst the five subunits, and in accord with the 
results of the circular dichroism spectroscopy (Persson et al., 1989). Furthermore 
members from within a class showed similarity with one another greater than with 
members of another class.
Accordingly it has been concluded that the GSTs can be categorized as 
a/ß proteins, having an alternation of a-helices and ^-structures along the 
polypeptide chain (Mannervik and Danielson, 1988). It has also been suggested 
that the GSTs, like other a/ß proteins, may have their active site residing in the
10
cavity formed in the region where the C-terminal ends of two adjacent /3-strands 
join a-helices on opposite sides of a /3-sheet (Mannervik and Danielson, 1988).
All documented mammalian cytosolic GSTs appear to be dimers of 
identical or similar protein subunits (Mannervik, 1985), however the quaternary 
structure of the microsomal GST has proved more difficult to determine. In 
solubilized form the membrane-associated GST interacts with detergent molecules 
rather than with the constituents of the membrane, whereas in situ indirect 
approaches to the enzyme are required in attempts to elucidate its subunit 
organization (Mannervik and Danielson, 1988). As mentioned in section 1.3, 
heterodimers of GST subunits consist only of members of a single class, however 
inter-species heterodimeric hybrids will form in vitro, although again, only between 
members of a single class (Mannervik and Danielson, 1988).
It had been suspected that the GST active site would reside in the cavity 
formed by the subunit-subunit interface, however kinetic investigations of homo- 
and heterdimeric structures do not support this concept. Instead it has been found 
that the kinetic properties of a heterodimer can be accurately predicted from those 
of the corresponding homodimers (Yalcin et al., 1983; Tahir and Mannervik, 1986), 
and that the activities measured with several substrates at different degrees of 
saturation were additive (Danielson and Mannervik, 1985), findings which are 
strongly suggestive of a kinetically independent function for each of the subunits in 
a dimer, and that the active site does not reside at the subunit-subunit interface. It 
also appears that within each subunit there exist two binding sites, one specific for 
glutathione, and the other specific for the electrophilic substrate, as demonstrated 
by the use of equilibrium binding studies involving substrates and products of the 
catalytic reaction (Jakobson et al., 1979).
1.5 THE CONJUGATION OF GSH
Although relatively little is known of the structure and function of the 
active site of GSTs, some conclusions can be drawn. As mentioned in section 1.4,
11
it is apparent that with regard to their catalytic properties, the respective subunits 
of the dimeric protein are independent of one another (Yalcin et al., 1983; 
Danielson and Mannervik, 1985). Furthermore, it is apparent that each subunit 
has adjacent glutathione and hydrophobic electrophile binding sites, referred to 
respectively as the G-site and H-site (Mannervik and Danielson, 1988). However 
it is somewhat intriguing that whilst having a broad electrophilic substrate 
specificity, the specificity for glutathione is very high. It is considered that a 
glutathione-induced conformational change is involved in the high specificity, and 
is critical in facilitating the occurrence of catalysis (Mannervik and Danielson, 
1988).
Recent analysis of GST catalytic fuction by Board and Mannervik (1990) 
implicates the carboxy terminus of a human alpha class GST in substrate binding 
specificity, and as perhaps forming a component of the hydrophobic substrate 
binding site. The final 12 residues were deleted from the C-terminal of GST2, and 
the last two residues of the mutant C-terminal were altered from Asp and Glu to 
His and Gly respectively. It was apparent that this region is not involved directly in 
glutathione binding, and is not absolutely essential for catalytic activity (Board and 
Mannervik, 1990). These results are in accord with the previous findings of 
Hoesch and Boyer (1989), where photoaffinity labelling of rat alpha class GSTs 
with glutathione implicated the carboxy terminus in the catalytic role of GST. 
Further mutagenesis studies into the catalysis reactions of human alpha class GST 
have involved the site-directed mutagenesis (arg - > ala) of four conserved arginine 
residues of the human alpha class GST2 enzyme (Stenberg et al., 1990). Three of 
the four arginine mutants exhibited reduced binding affinity for glutathione, yet 
the same four showed enhanced binding for the inhibitor hexylglutathione. The 
findings were interpreted as resulting from the loss of the charged side chain of 
arginine, which it is suggested is involved in the neutralization of the negatively 
charged carboxyl groups of glutathione, and it was concluded that the arginines 
may contribute to the binding affinity of glutathione (Stenberg et al., 1990).
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The conjugation of glutathione to electrophilic substrates catalysed by the 
GSTs generally renders the substrates less reactive, more polar, and thus more 
readily excretable in bile or urine, and constitutes the first step in mercapturic acid 
formation (figure 1.1). However the conjugates of glutathione may be excreted 
directly in the urine, or in the bile being eliminated via the duodenum.
The conjugates of GSH are substrates of 7-glutamyl transpeptidase, which 
converts them to S-substituted cysteinylglycine, which is further cleaved to glycine 
and S-substituted cysteine by dipeptidase. The S-substituted cysteine becomes N- 
acetyl S-substituted cysteine (mercapturic acid) by acetylation with acetylcoenzyme 
A (Meister, 1983). Conjugates of GSH formed in extrahepatic cells can be 
transported to the kidneys via the bloodstream, and eliminated in the urine after 
further metabolism (Meister, 1983).
1.6 DEFICIENCY OF GLUTATHIONE S-TRANSFERSES
Deficiency in humans of Mu class GST has been reported (Board, 1981), 
and has been attributed to the existence of a null allele at the GST1 locus. The 
null allele has a frequency approximating 0.7, and is the most common allele in all 
racial groups studied to date (Board, 1990; Board et al., 1990a). It has been found 
that the null allele has achieved fixation in some small Pacific island populations 
where founder effects and population bottlenecks are known to occur (Board et al., 
1990a).
It appears that the null alleles are the result of a GST1 deletion, as the 
presence of the null allele correlates with the absence of cross-hybridizing 
fragments on "Southern" blots of genomic DNA digested with a variety of 
restriction enzymes (Seidegard et al, 1988; Board, 1990; Board et al., 1990a). 
Furthermore, results of PCR amplifications indicate that the deletion may 
encompass more than mu class gene (Board et al., 1990b).
The mu class isozymes have a relatively high specific activity for epoxides 
when compared with isozymes from the other classes (Warholm et al., 1983;
Figure 1.1
Schematic representation of the synthesis of mercapturic acids. Abreviations: AA, 
amino acid; 7GTP, 7-glutamyl transpeptidase; RX, an hydrophobic compound 
having an electrophilic group X.
glutamate
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cysteine-SH RX
glycine
GST
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Mannervik and Danielson, 1988), and therefore it is likely that GST1 deficient 
individuals may exhibit an increased sensitivity to such compounds relative to 
GSTl-positive individuals (Board, 1981). GST1 deficiency has been associated as 
a risk factor for smokers in the acquisition of lung cancer (Seidegard et al., 1987), 
and this finding may reflect an increased risk for a wider range of cancers 
associated with reduced levels or deficiency of any of the GST isozymes. 
Nevertheless, it could be argued that the high frequency of the null allele is 
indicative of an as yet unidentified selective advantage conferred by a reduction or 
absence of GST1. However most people would be expected to have reproductively 
transmitted the allele, before the (typically late) onset of an environmentally 
induced cancer. At present the necessary epidemiological studies which would 
enable the determination of such risks, await an efficient means of determining the 
frequency of GST deficiency in a population. A PCR amplification protocol which 
will identify individuals homozygous for the GST1 deletion has been developed 
(Board, 1990), however the applicability of the test is restricted by its inability to 
distinguish homozygote GST1+ individuals from individuals heterozygous for the 
deletion.
Deficiency of alpha class genes appears to be relatively rare with a single 
case of complete absence of GST2 activity reported (Board et al., 1990). The 
consequences of major deficiency of GST2 are as yet unknown and remain in the 
realm of speculation. Since the alpha class isozymes have an important role in the 
hepatic binding of bilirubin and other organic anions (Bhargava et a l , 1978; 
Simons and Van der Jagt, 1980;), a deficiency of GST2 could possibly be expected 
to result in hyperbilirubinaemia and related symptoms. Adachi and Yamamoto 
(1987) have reported an individual with Rotor’s Syndrome (familial 
hyperbilirubinaemia) exhibiting less than 0.2% of normal liver glutathione 
transferase activity. This severe deficiency implies an absence of GST2 activity, 
since GST1 is frequently deficient in human liver, and the GST3 or pi class 
isozyme is not normally expressed in significant amounts in adult liver. The
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potential role of a GST deficiency in this rare disorder is being studied in this 
laboratory, but it is too early as yet to know whether or not a GST2 deficiency 
plays a significant part in its aetiology.
Large individual variations in the relative expression of GST2 types 1 and 
2 in the human liver have been previously reported (Board, 1981). Originally 
considered to be the allelic products of a single locus, recent studies now indicate 
that two genes are involved, and evidence is presented in this study to support that 
contention. Whilst the genes encoding the two isozymes are believed to be closely 
linked (Board and Webb, 1987), the factors responsible for the differential activity 
of the two isozymes in the livers of different individuals are not understood, and 
whether these factors are genetic or environmental remains to be determined.
The major human pi class isozyme GST3, has also been shown to exhibit 
large variations in activity between individuals (Scott and Wright, 1980; Strange et 
al., 1982), and there exists some evidence that this variation is inherited (Scott and 
Wright, 1980). Genetically determined deficiency of GST3 however, appears to be 
relatively rare, with only a single case of GST deficiency reported, and in that 
instance the involvement of a genetic fault was not determined (Beutler et al., 
1988).
It is clear that within a population there exist considerable individual 
variations in isozyme activity within each of the major classes of GST, ranging from 
the relatively rare complete absence of particular isozymes (less rare for the mu 
class), to the less dramatic, but perhaps epidemiologically no less important, 
individual differences in activity. It is not possible at present to evaluate the 
potential health risks associated with particular levels of GST expression. It is 
understood that certain isozymes appear to have specialized in the metabolism of 
particular substrates, for example, the previously mentioned preference of human 
mu class enzymes for epoxides (Seidegard et al., 1987). Thus it is not unreasonable 
to assume that any reduction in the activity of an isozyme will be accompanied by a 
concomitant decrease in the level of protection afforded to the individual
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concerned. That is not to say that such an increased risk will always be dramatic or 
even measurable by present or future techniques, rather that such an added risk 
may merely constitute one small additional crack, amongst many others, in the 
defences of a cell. Whether cellular homeostasis eventually crumbles in the face of 
such sustained and multiple breachings of its defences or is abandoned in response 
to a genetically encoded demand remains a moot point.
1.7 GLUTATHIONE S-TRANSFERASE AND MULTIDRUG RESISTANCE
A major obstacle to the ultimate success of drug therapy of cancer is the 
ability of malignant cells to develop resistance to cytotoxic drugs. What have been 
distinguished as mechanisms of primary drug resistance have included decreased 
drug uptake by changes in drug-specific transport mechanisms, decreased 
activation of prodrugs, alterations in the drug’s target enzymes, alterations in 
cellular metabolism and repair mechanisms, and increased inactivation of the 
drugs (Vickers et al., in press). Furthermore, the genetic means whereby the cell 
accomplishes such an awe-inspiring defence have been described, and involve both 
gene amplification and mutation (Ozols and Cowan, 1986).
However a second pattern of resistance has also been described, involving 
the development of acquired resistance to a range of structurally unrelated 
compounds, subsequent to treatment by a single therapeutic agent, and this 
observation has been repeated for many different cell lines exposed to a range of 
different drugs (Moscow and Cowan, 1988). The phenomenon has been termed 
"multidrug resistance" or MDR. The only protein so far directly implicated in 
MDR is P-glycoprotein, however the GSTs have been tarred with the same brush 
(Moscow and Cowan, 1988; West, 1990).
Overexpression of GSTs have been reported in several tumor cell lines 
showing anti-cancer drug resistance (reviewed in Pickett and Lu, 1989), however 
not as yet in MDR cell lines, therefore the role of the GSTs in acquired drug 
resistance and in MDR is as yet unclear. Nevertheless, given their known role in
16
xenobiotic detoxication it is not unlikely that the GSTs are involved in resistance to 
cancer chemotherapy. Ciaccio et al. (1990) have recently described the GST- 
mediated conjugation of glutathione to chlorambucil, a clinically important 
alkylating agent employed in the treatment of certain neoplastic diseases, and it is 
reasonable to expect a growing number of such reports, as the role of GSTs in the 
resistance to cancer chemotherapy is further delineated.
1.8 EVOLUTIONARY CONSIDERATIONS
It is thought that glutathione emerged as an important biomolecule when 
oxygen became an abundant component of the atmosphere (Fahey, 1977), and that 
glutathione-dependent enzymes evolved in aerobic organisms in response to the 
requirements of inactivation of toxic products of oxygen metabolism (Mannervik, 
1986).
The considerable profusion of GST amino acid and nucleotide sequence 
data has enabled intra and interspecies comparisons amongst a wide range of 
GSTs from a variety of sources. There are several evolutionary considerations that 
can be drawn from such comparisons. Firstly, conserved regions are known to exist 
between the three classes (alpha, mu and pi), and this is suggestive of the three 
classes sharing a common ancestor (Mannervik, 1985). Secondly, the similarities 
of structures from different species within a class are significantly greater than 
those from different classes obtained from one species (Mannervik and Danielson, 
1988). Therefore it can be inferred that the separation into distinct classes 
occurred before the separation of mammalian species. The extent of orthology 
between maize and mammalian GSTs is minimal, and much less than amongst 
animal GSTs but is nevertheless sufficiently clear to warrant the assumption of a 
common evolutionary origin (Mannervik and Danielson, 1988). However, the 
maize sequences do not fit into any of the three animal classes, which suggests that 
the three animal classes may have emerged after the divergence of plants and 
animals. Recently characterized dipteran GSTs however, share regions of
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significant orthology with the maize GST III, yet no significant resemblance to 
mammalian GSTs (Toung et al., 1990; Board and Russell, unpublised data, pers. 
comm.), whereas a cDNA of Schistosoma japonictirnhas a structure that clearly 
places it into the mu class (Smith et al., 1986).
Rhoads et al. (1987) have compared GST protein sequences of the three 
rat classes with the two known human alpha class sequences and the two maize 
sequences. With alignment, they found 12 amino acids conserved over all the 
types, with an additional 24 belonging to the same side chain groupings. A further 
59 residues were conserved in 3 out of the 4 categories. In total this accounts for 
about 43% of the amino acids which may be under evolutionary pressure to stay 
conserved, which is significant considering the evolutionary distance between the 
species.
There exist limited but detectable sequence similarities between regions of 
thioltransferase or glutaredoxin and mu class GSTs, which suggests an evolutionary 
link amongst these proteins, but one more distant than that which evidently exists 
amongst the major mammalian GST classes (Mannervik et al., 1988). 
Furthermore, clues as to possible ancestral connections between glutaredoxin, 
thioredoxin, and the selenium-dependant glutathione peroxidase are evident upon 
examination of polypeptide chain folding. The evidence for the above apparent 
evolutionary relationships has led Mannervik and coworkers to suggest that 
perhaps the above glutathione-linked enzymes also share a common ancestor with 
the GSTs (Mannervik et al., 1990), a not unreasonable proposition given the 
common requirement of the above-mentioned enzymes for a glutathione binding 
site, that each is suspected of showing glutathione-induced binding site 
conformational changes, and that each is associated with cellular protection from 
products of oxidative metabolism.
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1.9 MOLECULAR GENETICS OF GST
In order to fully understand the in vivo roles of the GSTs and their 
relationships to each other, it is necessary to investigate gene structure and 
expression. There has been a considerable proliferation of interest in this area to 
the extent that to date, approximately 40 different GST cDNAs and 10 GST genes 
have been isolated and characterized. Attention has focused predominantly on the 
rat GSTs, with over half of all the protein and nucleic acid sequence data being 
obtained for rat isozymes.
From the rat, cDNAs have been characterized for every protein subunit
type described with the exception of the incompletely characterised subunit 5
(Meyer et al., 1984), and the Yk subunit, for which a complete protein sequence
has nevertheless been obtained (Alin et al.y 1989). In the alpha class, subunit 1
from
(Ya) there are four described cDNAs exhibiting only slight differences each 
other (Kalinyak and Taylor, 1982; Tu et al., 1982; Pickett et al., 1984; Lai et al., 
1984). For subunit 2 (Yc) there are two described cDNAs again very similar to 
each other (Tu et al., 1984; Telakowski-Hopkins et al., 1985). From the mu class 
there are seven differing cDNAs described. There are four Ybl cDNAs differing 
from each other by 2-4 amino acids (Pickett et al., 1984; Ding et al., 1985; Lai et al., 
1986; Chang et al., 1987) and one cDNA from each of the subclasses Yb2, Yb3 and 
Yb4 (Abramowitz and Listowsky, 1987; Lai et al., 1988). In the pi class there are 
two cDNAs described (Sugowa et al., 1985; Pemble et al., 1986) having only 2 
nucleotides differing between them which may represent a strain difference rather 
than the existence of two separate genes (Pemble et al., 1986). There has also 
been a cDNA for rat microsomal GST isolated (De Jong et al., 1988).
From the analysis of genomic Southern blots with cDNAs from each class 
it appears that there exist at least several more rat genes (or pseudogenes) than 
are represented by the above cDNAs, however there may be few further 
transciptional products to describe (Lai et a l, 1988). Thus for the rat there exists 
considerable microheterogeneity amongst cDNAs. It remains to be seen whether
19
each of the cDNAs represents a different gene, or whether some closely related 
pairs constitute allelic variants.
Genomic clones of rat GST genes have been isolated and characterized in 
four instances (Telakowski-Hopkins et al., 1986; Okuda et al., 1987; Muramatsu et 
al., 1987; Lai et al., 1988), including a representative from each of the three classes. 
There are marked differences in gene structure between the three classes with 
gene size ranging from 11 kb for the alpha class Ya subunit (Telakowski-Hopkins 
et al., 1986), to about 3 kb for the pi class Yp subunit (Okuda et al., 1987; 
Muramatsu et al., 1987). The mu class Yb2 gene is 5 kb long. The Ya and Yp 
genes have 7 exons and the Yb2 gene has eight. The gene for Yb3 has apparently 
been cloned and is being analysed (Abramovitz and Listowsky, 1987). The 3’ 5 kb 
of a Ya gene has also been described (Daniel et al., 1987).
Three mouse cDNAs have been isolated, one from the alpha class 
(Pearson et al., 1988) and two mu class variants (Pearson et al., 1983; Pearson et al., 
1988). A mouse alpha class gene has been characterized (Daniel et al., 1987) and 
shows close conservation of gene structure to the rat Ya orthologous gene 
(Telakowski-Hopkins et al., 1986), having identical intron-exon structure and splice 
sites. The mouse Ya genes have recently been mapped to the vicinity of the d 
locus on chromosome 9, and comprise three distinct but closely arranged clusters 
(Masanori et al., 1990). The mouse and rat Ya genes are both about 11 kb and 
each has 7 exons.
Three maize cDNAs (GST I, II and III) have been described (Moore et al., 
1986; Grove et al., 1988). A genomic clone of maize GST I has been characterized 
(Shah et al., 1986), the gene being about 3.5 kb long and having 3 exons.
Two Schistosoma GST cDNAs have been cloned, one from S. iaponicum 
(Smith et al., 1986) and the other from S. mansoni (Balloul et al., 1987).
There have been seven different human GST cDNAs cloned so far. Two 
variants of the alpha class have been described (Rhoads et al., 1987; Tu and Qian, 
1986; Board and Webb, 1987), differing mainly in their 3’ noncoding sequences.
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The human alpha class genes have been mapped to chromosome 6pl2 (Board and 
Webb, 1987). A mu class cDNA clone has been identified and its gene mapped to 
chromosome lp31 (De Jong et al., 1988). Seidegard et al. (1988) have presented 
evidence indicating that whilst there appear to be at least three mu class genes in 
the human genome, one of these genes (GST1) appears to be deleted in the 50% 
of the population lacking GST activity towards trans-stilbene oxide. However, 
Campbell et al. (1990) have described a distinct human testis and brain mu class 
cDNA that is present even in individuals lacking the hepatic mu class enzymes. 
Two pi class GST cDNAs have been characterized (Kano et al., 1987; Board et al., 
1989) differing by 2 amino acids, and the genes mapped to chromsome bands 
llq l3  and 12q 13-14 (Board et al., 1989). The isolation of a third pi class cDNA 
clone has been described in the literature (Moscow et al., 1988) but a nucleotide 
sequence was not published, so whether it represents a third variant remains to be 
seen. A human cDNA coding for a microsomal GST has also been characterized 
(De Jong et al., 1988).
It can be seen that there is considerable hetero- and microheterogeneity 
amongst the supergene family of GSTs. The above described catalogue of GSTs 
characterized at the nucleotide level is no doubt incomplete. Evidence from 
Southern blots of genomic digests with many different probes demonstrates the 
existence of several more hybridizing fragments than are represented by cDNAs at 
present (Rothkopf et al., 1986; Board and Webb, 1987; De Jong et al., 1988; 
Seidegard et al., 1988; Pearson et al., 1988). The majority of rat transcripts may 
now be represented but there are clearly at least several more mouse and human 
genes whose products remain to be characterized. Okuda et al. (1987) have 
characterized several processed pseudogenes in the rat and it is to be expected that 
there may be more of these, and regular pseudogenes, in the rat and in other 
species. Some of the microheterogeneity in cDNA sequences may be attributable 
to allelic variation rather than representing the expression of different genes 
(Board et al., 1989). Further studies of GST gene structure are required in order
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to obtain a more accurate picture of the extent and nature of variation within the 
GST supergene family.
All GST genes analysed to date appear to be inducible. Analysis of GST 
transcriptional induction has been undertaken by several laboratories. Several 
chemical components have been shown to elevate the cytoplasmic levels of GSTs. 
Such elevation occurs primarily by augmenting the transcriptional rates of the 
respective genes (Ding and Pickett, 1985). GST-inducing compounds include 
phenobarbital and 3-methylcholanthrene in rat (Kalinyak and Taylor, 1982; Ding 
and Pickett, 1985), 2(3)-tert-butyl-4-hydroxyanisole (BHA), ethoxyquin (1,2- 
dihydro-6-ethoxy-2,2,4-trimethylquinaline) and disulfiram [bis(diethyl- 
dithiocarbamyl)disulfide] in mouse (Pearson et al., 1983, 1988). BHA, a dietary 
antioxidant, can have particularly striking effects. In experiments with mice that 
were fed dimethylbenzanthracene, no tumors were found in mice that also 
received 1% BHA, whereas 55% of the control mice developed tumors, with an 
average of 2.6 tumors/mouse (Pearson et al., 1988). Rat GST Ybl gene 
transcription has been shown to be repressed by androgens (Chang et al., 1987). 
Under investigation was the rat ventral prostrate, the growth of which is stimulated 
by androgens. As a result it was tentatively proposed that GST may have a role in 
autoregulation of growth of androgen-sensitive organs. This is a novel and 
interesting proposed role for GST which warrants further investigation.
Moscow et al. (1988) have described an inverse association between 
human GST3 expression and estrogen receptor (ER) content of cells observed 
whilst investigating multi-drug resistance in primary breast cancer cells. The 
relation between the regulation of ERs and GST3 is unclear but perhaps may 
involve somatic mutations of chromosome 11. In this instance increased GST3 
activity was associated with overexpression and not amplification of the gene. 
Manoharan et al. (1987) have taken an opposite approach to the question of drug 
induction of GSTs. They have constructed SV40 promoter-GST hybrid constructs 
and introduced these constructs into cell lines generating a 50 to 260-fold increase
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in GST activity. The increase in GST activity was accompanied by resistance to 
the cytotoxic alkylating molecule benzo(a)pyrene anti-diol epoxide, leading to an 
enrichment of GST overexpressing cells.
In the first published experimental analysis of GST gene regulatory 
elements, Telakowski-Hopkins et al. (1988) identified elements required for basal 
level and inducible expression in the rat Ya subunit gene. A GST promoter 
region-CAT gene construct was expressed in homologous and heterologous cells, 
with various deletions from the promoter region enabling a determination of the 
important controlling elements. Two cis-acting regulatory elements were 
identified, one required for maximum basal level expression, whereas the second 
element is required for inducible expression of the Ya gene. The planar aromatic 
compound /J-naphthoflavone acted as an inducer in both homologous and 
heterologous cells. It was also observed that in cell lines lacking functional dioxin 
receptors, there was no induction of the GST promoter-CAT gene construct by ß- 
naphthoflavone.
More recently a series of similar experiments have been described, for rat 
and mouse alpha class genes, further clarifying our understanding of GST 
transcriptional control (Daniel et al., 1989; Friling et al., 1990; Rushmore et cd., 
1990; Rushmore and Pickett, 1990). The details and significance of these more 
recent experiments are discussed in detail in chapter 4 and so will not be treated in 
detail here. However, in brief, it appears that an hepatocyte nuclear factor 1 
(HNF1) recognition sequence is involved in the rat alpha class gene basal level 
transcription, whilst a xenobiotic response element (XRE) is involved in induction 
by planar aromatic compounds (Rushmore et al., 1990; Rushmore and Pickett, 
1990) In addition, a novel electrophile response element (designated the ARE, for 
antioxidant response element) has been described that, as its name suggests, is 
responsive to electrophilic compounds (Rushmore et al., 1990; Rushmore and 
Pickett, 1990). In the mouse alpha class gene, inducibility by an ARE-like 
sequence was detected, however whilst an XRE-like sequence is also detectable, it
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is apparently not active in transcriptional induction of the mouse gene (Friling et 
al., 1990). In accord with the earlier work of Telakowski-Hopkins et al. (1988), 
induction of the rat XRE appears to be dependant upon the nuclear presence of 
the dioxin (also called Ah, for aryl /zydroxylase) receptor - known for its 
involvement in the regulation of the cytochrome P-450 gene family (Hapgood et 
al., 1989). In contrast, the ARE and the HNF1 recognition sequence appear to be 
Ah receptor independent (Friling et al., 1990; Rushmore et al., 1990).
1.10 AIMS OF STUDY
The aim of this study is to characterize the structural organization of the 
human glutathione S-transferase alpha class gene family, about which nothing is 
presently known. At the initiation of this study only a single report of any animal 
GST gene structure was published: that of a rat alpha class GST gene (Telakowski- 
Hopkins et al., 1986) - no human GST gene structures were available (a maize 
GST gene structure was published, but bore little resemblance to the rat gene 
structure; Shah et al., 1986). During the course of this study, reports on the 
structure of mouse alpha class, and rat mu and pi class genes appeared (Daniel et 
al., 1987; Okuda et al., 1987; Lai et al., 1988). A human pi class gene has also been 
characterized (Cowell et al., 1988), as well as portions of a human mu class gene 
(Taylor et al., 1990).
Extensive biochemical and cellular studies, extending over nearly 30 years, 
have demonstrated that GSTs have a critical influence in several vital cellular 
functions (described in section 1.1 of this chapter), and therefore there was clearly 
a need for information about the human alpha class genes, the absence of which 
constituted a major gap in the broader picture of our understanding of the human 
GSTs.
The present studies were originally intended to also include an 
experimental investigation of the transcriptional control of the human alpha class
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GST genes, however the isolation of seven distinct GST genes and pseudogenes, 
and the size of the intact genes involved (approximately 13kb) has meant that the 
experimental part of the present study has been almost exclusively concerned with 
the structural organization of the human alpha class GST gene family. 
Nevertheless chapter 4 presents an extensive analysis of the putative regulatory 
elements of the gene appearing to encode the predominant human liver GST, in 
relation to the presently understood regulatory control of the rat and mouse 
orthologous genes. Studies are now in progress in this laboratory involving the 
experimental analysis of transcriptional control of the human alpha class GST 
genes, made possible in part, by the results of the present study. An additional 
bonus arising from the characterization of the human genes presented here, is that 
an analysis of the evolutionary relationships amongst the alpha class GSTs of 
human and rodent was made possible (presented in chapter 5), and represents the 
first rigourous application of statistical evolutionary analysis to any set of GST 
genes.
Chapter Two
Materials and Methods
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2.1 SCREENING OF PHAGE AND COSMID HUMAN GENOMIC LIBRARIES
A partial SauSAl library of human genomic DNA cloned in a AEMBL3A 
replacement vector (Frischauf et al., 1983) was plated out for screening (using E. 
coli strain ED8655) as described in Maniatis et al. (1982). The library was kindly 
provided by Dr. D. Anson and screened according to the method of Benton and 
Davis (1977). Approximately 3 x 10^ phage were screened in each of four 
screenings. Nitrocellulose filters (Hybond-C, Amersham) were prehybridized in 
4xSSC/5x Denhardt’s solution/0.1% sodium dodecyl sulphate (SDS)/100Mg/ml 
salmon sperm DNA at 65°C for 1-4 hours in a sealed plastic bag (SSC - 0.15 M 
NaCl, 0.015 M Na3.citrate, pH 7.6; Denhardt’s solution -0.02% Ficoll, 0.02% 
polyvinylpyrrolidone, 0.02% bovine serum albumen). The filters were then 
hybridized in the same solution plus the probe [pGST2-FVuII, containing a 700bp 
fragment of the GST2 cDNA (Board and Webb, 1987)] at 65°C for 16-24 hours. 
The filters were then washed in 2 x SSC/0.1%SDS for 30 minutes at 65°C and 
exposed to Fuji RX film overnight with an intensifying screen. Positive clones 
were picked, replated at lower density and rescreened with the same probe.
A cosmid library of human genomic DNA cloned into cosmid vector 
pCVOOl (Lau and Kan, 1983) was plated out at high density (using E. coli strain 
ED8767) as described by Maniatis et al (1982). The library was kindly provided by 
Dr K.H. Choo and screened according to the method of Ausubel et al. (1989). 
Nitrocellulose filters were processed as described above.
2.2 SMALL SCALE LAMBDA DNA PREPARATION
Positively hybridizing clones were plaque purified. Small-scale 
preparations of \  DNA from plate lysates on Luria broth (LB) + 10 mMMgSC^ 
agarose plates were carried out using the DEAE-cellulose method as adapted by 
Osaki and Sharma (1984).
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2.3 MEDIUM SCALE LAMBDA DNA PREPARATION
A single plaque was picked into 0.4ml phage buffer (lOOmM NaCl, 8 miM 
MgSC^JHoO, 50mM Tris-HCl, pH 7.5, 0.01% w/v gelatine) and eluted for 2 
hours at 4°C. A 50ml liquid lysate was prepared by inoculation with 0.1ml phage 
eluant pre-incubated with 0.1ml exponential E. coli ED8655 host cells (30 min at 
37°C) and shaking at 37°C for 6 hours. Phage DNA was purified by 
polyethyleneglycol precipitation (Lin et al., 1985).
2.4 LARGE SCALE LAMBDA DNA PREPARATION
Large scale lambda DNA preparations were from 400ml liquid lysate 
cultures inoculated with 8x10  ^ host cells pre-incubated with 1.6x10  ^ phage pfu as 
described by Maniatis et al. (1982).
2.5 SUBCLONING INTO M13
The replicative forms of M13 cloning vectors mpl8 and mpl9 were used 
for routine subcloning of fragments from genomic libraries prior to sequencing 
(Norrander et al., 1983). Preparation of vector, which involved restriction enzyme 
digestion and dephosphorylation of 5’ phosphates to prevent recircularization of 
vector DNA, was carried out according to standard procedures (Maniatis et al., 
1982). Ligations were carried out using 1-3 units of T4 DNA ligase (BRESA) 
using methods described by Maniatis et al. (1982).
2.5.1 Preparation of DNA for subcloning
2.5.1.1 Insert DNA
The following protocols are original adaptions, not described elsewhere, of 
the method of Kristensen et al. (1987) for M13 sequencing template preparation. 
The methods utilize the reversible binding of DNA to glass under high salt 
conditions. A subsequent wash with 80% ethanol "cleans" the DNA but does not 
cause significant DNA loss. The DNA is then eluted with a low salt solution.
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The major advantage of these methods is their speed. Time taken for 
recovery of insert from gel slices, or vector, after digestion is about 15 minutes, 
after which it is ready to ligate. An additional advantage of the following protocols 
is that hazardous reagents (phenol and chloroform) are not required.
After electrophoretic separation in agarose, the desired fragment in a gel 
slice was mixed with 1ml 4M NaClO^, lOmM Tris, ImM EDTA and incubated for 
5 minutes at 65°C. The resulting solution was added dropwise to a 7mm glass 
fibre disc (Whatman GF/C) placed on a scintered glass filtration unit. The disc 
was rinsed by dropwise addition of 80% ethanol and then transferred to a 0.5ml 
centrifuge tube with a pinhole in the bottom, placed within a 1.5ml centrifuge tube, 
and centrifuged for 10 seconds to remove excess ethanol. The 0.5ml tube was 
transferred to a fresh 1.5ml tube and 10/d of elution buffer (ImM Tris, O.lmM 
EDTA) was added to the disc. After 5 minutes at room temperature, the tubes 
were centrifuged for 10 seconds. The 0.5ml tube and glass filter were discarded 
and the 1.5ml tube containing the DNA stored at 4°C until use. Yield varied 
between approximately 50 to 80% recovery of the DNA from the gel slice. In a 
typical reaction, 2/d of the eluted DNA was used in a total ligation volume of 5/d.
2.5.1.2 Vector DNA
After digestion of 500ng of vector DNA with the appropriate restriction 
enzyme 1ml of 4M NaClC>4, lOmM Tris, ImM EDTA was added. This solution 
was treated as for insert DNA (section 2.5.1a) but with the omission of the 65°C 
incubation. Elution volume was 10/d of which 1/d (approximately 40ng) was used 
in a ligation volume of 5/d.
2.6 COMPETENT CELLS
2.6.1 Preparation of competent cells
For routine transformations the following method for the preparation of
competent cells was used.
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1. A fresh overnight culture of the appropriate E. coli strain was diluted 1 in 100 in 
LB and grown at 37°C until the O D ^ q was about 0.5.
2. The cells were chilled on ice for 15 minutes and then centrifuged in a Sorval 
centrifuge at 7000g for 5 minutes at 4°C.
3. The cell pellet was resuspended in l/5th of the growth volume in ice cold CM1 
buffer (lOmM NaOAc pH 5.6, 50mM MnCl2, 5mM NaCl) and placed on ice for 20 
minutes.
4. The cells were centrifuged as above and then resuspended in l/50th of the 
growth volume in CM2 buffer (lOmM NaOAc pH 5.6, 5% glycerol, 70mM CaCf?, 
5mM MnCl2).
5. The competent cells were then placed in 100/ttl aliquots and used within 60 
minutes or were stored at -70°C.
2.6.2 Transformation of competent cells with M13
1. The frozen competent cells (usually £. coli strain TGI) were thawed on ice.
2. Once thawed, the cells were mixed with the ligated DNA and incubated on ice 
for 30 minutes.
3. The cells were heat-shocked for 90 seconds at 42°C and returned to ice.
4. The heat-shocked cells were added to a test-tube (at 48°C) containing 2.5ml H 
Top Agar (1% tryptone, 0.8% NaCl, 0.7% agar pH 7), 200/d exponentially growing 
TGI cells, 10/d IPTG (lOOmM isopropyl-^-D-thiogalactopyranoside in H20), 50/d 
X-Gal (2% w/v 5-bromo-4-chloro-indoyl-£-D-galactoside in dimethyl formamide), 
mixed and poured over a pre-warmed minimal agar plate.
5. The plate was left to harden, then inverted and incubated overnight at 37°C.
2.6.3 Transformation and preparation of competent cells using the high efficiency 
method of Hanahan
Where large numbers of transformants were required, competent cells 
were prepared and transformed using the RbCl method described by Hanahan
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(1983). Dimethyl formamide (DMF) was used in place of DMSO (dimethyl 
sulphoxide) as suggested and heat pulses of 90 seconds at 42°C were carried out in 
1.5ml centrifuge tubes.
2.7 ISOLATION OF SINGLE STRANDED M13 DNA FOR SEQUENCING
For M13 sequencing template preparation, the following protocol, 
modified from the method of Kristensen et al. (1987) was used (see section 2.5 for 
discussion of the principles involved in the method). Yield was typically between 3 
and 6ßg DNA, approximately 3/xg of which would be used in an automated 
sequencing reaction, and approximately 0.5 ßg of which would be used for a manual 
sequencing reaction. Time taken for preparation of one M13 sample is about 25 
minutes compared with about 2 hours using conventional methods. For 12 
samples, about 60 minutes is needed compared with about 4 hours using the 
traditional phenol extraction technique. Template prepared in this manner 
sequences as well as phenol extracted DNA using manual or automated 
procedures. DNA prepared by this method has been used to sequence over 200 
samples manually, and nearly 200 samples using an ABI automated DNA 
sequencer, routinely reading 250 and 500 bases respectively.
1. A clear plaque was picked into 2ml LB with 20ß\ of an overnight TGI culture, 
and incubated at 37°C with vigorous shaking for 6-8 hours.
2. After 6-8 hours growth phage DNA was examined for inserts by direct gel 
electrophoresis (DIGE) (Messing, 1983). Where appropriate, phage containing 
inserts in opposite orientations were detected by the "C-test" (Messing, 1983).
3. The culture was poured into a 1.5ml centrifuge tube, microfuged for 10 minutes, 
and about 1.3ml of the supernatant was decanted into another tube.
4. lOjUl of glacial acetic acid was added to the supernatant, mixed well then the 
tube incubated at room temperature for 2 to 30 minutes.
5. The supernatant was added dropwise to a 7mm glass fibre disc (WTiatman 
GF/C) placed on a scintered glass filtration unit.
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6. Dropwise, 1ml of 4M NaClO^, lOmM Tris, pH 7.5, ImM EDTA was added to 
the disc.
7. The disc was washed by dropwise addition of 1ml of 80% ethanol.
8. The disc was transferred to a 0.5ml centrifuge tube with a pinhole in the bottom, 
itself placed within a 1.5ml centrifuge tube.
9. The tubes were microfuged for 10 seconds, and then the 0.5ml tube transferred 
to a new 1.5ml tube.
10. 15/xl of lOmM Tris, pH7.5, ImM EDTA was added to the disc, the tubes 
incubated for 5 minutes at room temperature, then centrifuged for 10 seconds.
11. Step 10. was repeated, then the 0.5ml tube discarded, and the 1.5ml tube 
containing the eluted DNA was stored at 4°C or -20°C until use.
2.8 DNA SEQUENCE ANALYSIS
Subclones for sequencing were generated according to an Exonuclease III 
deletion system, described below (Henikoff, 1984), and by subcloning specific 
restriction fragments into M13 vectors (section 2.5).
2.8.1 Generation of nested deletions by an Exonuclease III deletion method
1. Approximately 5-10/ig of closed circular M13 RF DNA containing the DNA 
insert to be sequenced was digested with restriction enzymes that leave a 4-base 3’ 
protrusion protecting the primer binding site and a 5’ protrusion or blunt end 
adjacent to the insert from which deletions are to proceed.
2. After digestion purify DNA as for vector DNA purification described in section 
2.5.1.2
3. Dissolve the DNA in 60/d of lx Exo III buffer (66mM Tris-HCl, pH 8.0, 0.66mM 
M gCy. Meanwhile, prepare 20 1.5ml tubes with 7.5/d of SI mix [120/d d ^ O , 
20/d 7.4x SI buffer (0.3M potassium acetate, 2.5M NaCl, lOmM ZnSO^ 50% 
glycerol), 50 units SI nuclease], and leave on ice.
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4. Add 220 units of Exo in ,  mixing as rapidly as possible. Remove 3/d aliquots at 
30 second intervals into the SI tubes on ice, pipetting up and down briefly to mix.
5. After all samples have been taken, move the tubes to room temperature for 30 
minutes. Add 1/d of SI stop buffer (0.3M Tris base, 0.05M EDTA) and heat at 
70°C for 10 minutes to inactivate the SI nuclease.
6. Remove 2/d (or about 40ng DNA) samples from each time point for analysis on 
a 1% agarose gel to determine the extent of digestion.
7. Transfer the time point tubes to 37°C, and add 2/d blunting mix [30/d Klenow 
buffer (20mM Tris-HCl,pH 8.0, lOOmM MgC^), 4 units Klenow DNA polymerase, 
0.125mM each of dATP, dCTP, dGTP, dTTP]. Incubate 5 minutes at 37°C.
8. Move to room temperature and add 40/d ligase mix [703/d dHoO, 80/d lOx ligase 
buffer (500mM Tris-HCl, pH 7.6, lOOmM MgCl2, lOmM ATP), 100/d 50% PEG, 
10/d lOOmM DTT, 5 units T4 DNA ligase] to each sample. Mix well and incubate 
at room temperature for 1 hour.
9. Transform into E. coli as described in section 2.6.2.
10. Deleted clones were grown, characterized and prepared for sequencing as 
described in section 2.7.
2.8.2 DNA sequencing by manual dideoxy chain termination
Dideoxy sequence analysis (Sanger et al., 1977) of recombinant M13 
clones was carried out essentially as described in the Ml 3 Cloning/Dideoxy 
Sequencing: Instruction Manual. Bethesda Research Laboratories, Gaithersburg, 
Md., U.S.A., (1980), using [or^P] dATP (3000 mCi/mmol, Amersham). The M13 
universal primer (primer A. section 2.8.3) was routinely used for initial gene 
structure analysis, however once exon/intron structure was confirmed, custom 
primers (primers B-X, section 2.8.3) were utilized. These were made to the 
sequence on or around the splice sites at each end of each exon, on opposing 
strands, allowing sequence to be obtained along an exon in each direction, through 
the splice junctions and into the introns on either side of the exon (figure 2.1).
DNA Sequencing Using Exon-directed
Oligonucleotides
A >
<■
C
Figure 2.1. Schematic representation of a DNA sequencing strategy 
utilizing custom oligonucleotide primers. Primers A and B hybridize 
to exon sequence. Primer C hybridizes to intron sequence. The 
dotted line indicates the direction of polymerization.
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Gels (7M Urea, 6% acrylamide/bisacrylamide [19:1]) with a "wedge" profile (2 to 
4mm) were routinely prepared. Samples were loaded using a Gilson pipettor into 
slots formed by a "sharks tooth" comb. Electrophoresis was carried out in T.B.E. 
buffer (89mM Tris, 89mM boric acid, 2mM EDTA pH 8.3) at 1000 V. An 
aluminium plate was placed in contact with the glass plate to ensure an even 
distribution of heat. After electrophoresis the gel on one glass plate was 
immersed in 10% methanol, 10% acetic acid solution for 15 minutes, transferred 
to paper (Whatman 3MM) and dried on the paper at 80°C under vacuum, 
autoradiography was carried out for 19 to 48 hours at room temperature on either 
single side emulsion (Fuji NC II) or double sided emulsion (Fuji RX) film without 
an intensifying screen.
2.8.3 Oligonucleotide primers used for sequencing and PCR
Primer names having an "ex" in them are made to exon sequence, whilst 
primer names having an "in" in them were made to mtron sequence, usually just 
outside the exon boundary. Oligonucleotides were made on an Applied 
Biosystems 380B DNA synthesizer as described by the manufacturer.
A. M13 Universal
B. AEX1A25
C. AEX1A
D. AEX1B
E. AEX2A
F. AEX2B
G. AEX3A
H. AEX3B
I. AEX4A
J. AEX4B
K. AEX5A
L. AEX5B
GTTTTCCCAGTCACGAC
TTGTCCAGCCACAAAGGTGACAGCA
GTTGTCGAGCCAGGACG
TTTGTTAAACGCTGTCACC
GCTTAGAGAAACCTCCAGG
CTCTACTCCAGCTGCAGC
GAGAAATTTATAAAATCTGC
CATTTCTTAACTTGTCC
GATATTTGATGTTCCAGC
TGTCTTTGCCATAGAGG
T G ATAT GTATATAG AAG G
CAAAGGCAGGGAAGTAGCG
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M. AEX6A
N. AEX6B
O. AEX6BB
P. AEX7A
Q. AEX7B
R. AINOA
S. AIN1A
T. AIN2A
U. AIN2B
V. AIN4B
W. AIN5A
X. AIN5A2
Y. GST2IN3
GTCTTAAAGAGCCATGG 
CTCC ACCAG AT G AAT GT C 
CTTCAGCAGAGGGAAGC 
GCCCT G AAACC AG AAT C 
TTAGCCTCCATGGCTGC 
AGAGAACTATTGAGAGG 
TTT GCTT CT CT AG ACT C 
CGAACTAACAAGAACCC 
GAT G ACCT AACTT AG AAC 
CAGAGGCACTTAGAGAC 
GCGCATGTATTCCTGATC 
GTATTCCTGATCTGATTCC 
GGT CAT CAGCACAGG AT
2.8.4 Automated DNA sequence analysis
An Applied Biosystems model 370A automated DNA sequencer was used 
for much of the DNA sequencing undertaken. This involved performing the 
dideoxy sequencing reactions with Taq polymerase using fluorescently tagged M13 
universal primers, followed by gel electrophoresis, data collection and analysis on 
the 370A DNA sequencer. Applied Biosystems protocols were adhered to 
throughout, with the exception of the M13 single stranded template preparation 
(described above, section 2.7).
2.8.5 Data compilation and analysis
Gel readings were entered directly into an ASI 'A T ' personal computer 
using a Sonic Digitizer (Graf/Bar CD-7, Science Accessories Corporation) from 
autoradiographs and by "floppy" disc from the Applied Biosystems model 370A 
automated sequencer. The sequences were overlapped and aligned using the 
programmes of Staden (1984) in Amersham/Staden software .
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Hydropathy plots and nucleotide sequence matrices were generated on a 
Mackintosh II SE personal computer using the Macvector software (IBI).
2.9 RESTRICTION ENZYME DIGESTION OF LAMBDA DNA
Lambda DNA (0.8/xg) was digested with 10-20 units of the appropriate 
restriction enzyme according to the manufacturer’s instructions, in a total volumme 
of 15/d. Restriction enzymes were purchased from either Boehringer Mannheim, 
New England Biolabs or Pharmacia.
2.10 AGAROSE GEL ELECTROPHORESIS
Restriction enzyme digestions were terminated by the addition of 5/d 5x 
loading buffer (30% glycerol, 0.125% BPB, 0.125% xylene cyanol). The digests 
were heated at 65°C for 10 minutes and loaded onto a 0.8% agarose gel in T.A.E. 
buffer (0.04M Tris-acetate, 0.002M EDTA, pH 8.0) in a Pharmacia submarine gel 
electrophoresis apparatus (GNA 200). The samples were electrophoresed 
overnight at 20 V until the BPB dye had migrated about 15cm from the origin. 
The gel was subsequently stained in T.A.E. containing 2mg/l ethidium bromide for 
30 minutes and photographed with a red filter under UV using a Polaroid camera.
2.11 CAPILLARY TRANSFER OF DNA RESTRICTION FRAGMENTS 
(SOUTHERN BLOTTING)
Following electrophoresis the DNA was depurinated by soaking the gel in 
500ml of 0.25M HC1 with gentle agitation for 10 minutes. The gel was then rinsed 
in distilled water and the DNA was transfered from the gel to a nylon membrane 
(Gene Screen plus, Dupont) using the alkaline transfer method as described by 
Reed and Mann (1985). Transfer generally proceeded from 5 hours to overnight.
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2.12 PREPARATION OF [a]32-P AND [t]32-P LABELLED PROBES
' i ' 2
2.12.1 Preparation of [a] -P labelled probes from single stranded M13 
recombinant DNA
Five ßl (approximately 0.5ßg) of single stranded M13 DNA was annealed 
to 4-5ng of oligonucleotide primer (Bresa M13 universal) at 60°C for 30 minutes. 
After being allowed to cool to room temperature for five minutes 7.5/d of "-A" mix 
(0.166mM each of dCTP, dGTP, and dTTP), 8.5/xl of T.E.S buffer, 0.7/d (3.5 units) 
Klenow Polymerase and 2ß\ [a-^^P]dATP (3000 mCi/mmol) was added. This was 
then incubated at 37°C for 10 minutes. The probe was then incubated at 95°C for 
10 minutes immediately before use.
2.12.2 [yI^ -P  dATP end-labelling of oligonucleotide primers
Where performed, 5’-end-labelling was by a Polynucleotide kinase forward 
reaction as described by Richardson (1965) employing |/y-^P]dATP (>5000 
Ci/mMole, Bresatec).
2.13 HYBRIDIZATION OF DNA
Hybridization to a ^2P labelled probe (section 2.12) was performed as 
described by the nylon membrane manufacturer (Du Pont) in 8% (w/v) dextran 
sulphate, 1M NaCl, 1%SDS (w/v) and 50/ig/ml salmon sperm DNA. The salmon 
sperm DNA had been previously sonicated and was boiled immediately before use. 
For rehybridisation, hybridised probe was removed by adding a solution of 0.1% 
SDS, O.lx SSC (150mM NaCl, 15mM Na3citrate.2 ^ 0 )  at 100°C to the filter, and 
gently agitating until cooled to room temperature, repeating the process if 
necessary.
2.14 ESTIMATION OF DNA FRAGMENT SIZES
The size of fragments detectable on an autoradiograph or photograph 
were estimated by comparison with fragments of known length fractionated on the
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same gel. Size standards that were routinely used were High Molecular weight 
DNA markers (BRL), Lambda DNA cut with Hindlll or Hindlll + 
HindUl/EcoRl.
The mobilities of the markers (cm) were plotted against the log of their 
length (bp). Unknown fragment sizes were estimated by reading the log value off 
the curve and then taking the inverse log to obtain the value in base pairs.
2.15 USE OF A STRATEGY TO SIMPLIFY RESTRICTION MAPPING
Many EMBL3A clones can have 5 or more cutting sites for a single 
restriction enzyme, which can make mapping the sites a very difficult and time- 
consuming task. The number of possible arrangements of restriction sites 
increases alarmingly with the increase in the number of actual cuts a particular 
enzyme makes:
e.g.NUMBER OF FRAGMENTS: 2 3 4 5 6 n
NUMBER OF POSSIBLE
ARRANGEMENTS: 2 6 24 120 720 n!
For example, six HindTH, of Eco R1 fragments are not uncommonly 
generated in genomic clones of the EMBL3A series.
The principle of this method for simplifying the mapping process is itself 
very simple and the procedure can easily be completed in a single day.
RATIONALE: to divide the DNA to be mapped into manageable pieces 
so that for example, instead of six fragments with 720 possible combinations we 
now have, say, three smaller fragments, each cut once or twice, and each thus 
having only two or six possible arrangements - a much simpler problem.
For the purposes of this procedure it is assumed that a range of single and 
double digests have already been performed, and the fragments accurately sized,
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but that for one or more enzymes there are just too many fragments to enable 
deduction of map order.
PROCEDURE
1. Find an enzyme which cuts the clone in one, two or three places which can be 
mapped (say enzyme X). For example, in EMBL3A lambda clones this mapping 
can usually be easily done for infrequent cutters by cutting with enzyme X, and 
enzyme X plus Sal 1 which cuts the insert free of the arms. The new fragments in 
the X plus Sail digest are therefore those at the left and right ends of the insert.
2. Digest 2-6/ig of the clone with enzyme X and separate the fragments on an 
agarose mini-gel. Slice out the fragments and purify each as described in section 
2.5.1.1. Elute each DNA fragment in a volume of 10-20/d.
3. For each fragment divide DNA into aliquots (2-4, depending upon the number 
of "difficult", frequently-cutting enzymes to be mapped ) and digest each with a 
single enzyme. Keep each digestion volume to 8-12/zl.
4. End-label digested fragments using the Klenow fragment of E. coli DNA 
polymerase 1 for 5’ overhanging cohesive ends, or T4 DNA polymerase for 3’ 
overhanging and blunt ends.
5. Electrophorese the end-labelled fragments on an agarose minigel, dry the gel 
and autoradiograph (10-60 min exposure is usually sufficient).
The resolution attained using this procedure is usually sufficient to enable 
unambiguous assignment of subfragments (with respect to those identified and 
sized in the usual initial high-resolution electrophoresis procedures) to each of the 
fragments generated by enzyme X, thus greatly simplifying the mapping of the 
more frequently-cutting enzymes. It is worth ethidium bromide-staining and 
photographing the gel at step 5., before drying, as there can be sufficient DNA for 
visualization without the end-labelling. However the end-labelling will highlight 
all fragments, even the sub-500 base pieces that can be missed in regular mapping 
procedures.
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2.16 USE OF POLYMERASE CHAIN REACTION
Amplification by PCR was performed under standard conditions (details 
described below), using protocols recommended by the enzyme manufacturer 
(Perkin Elmer Cetus, Taq polymerase), on an Innovonics Gene Machine (Bartelt 
Instruments, Australia).
2.16.1 Estimation of intron lengths
Polymerase chain reaction (PCR) was used in the estimation of intron 
lengths for genes where exon sequence only was determined (figure 2.2). The 
custom oligonucleotide primers used in sequence analysis (section 2.8.3) were 
utilized as primers for the PCR reaction, to amplify the intronic regions between 
exons. Reactions were run for 30 cycles, a cycle consisting of the following 
conditions : 30 seconds at 95°C, 40 seconds at 45°C and 60 seconds at 72°C. 
Template DNA was either AEMBL3A genomic clones, or subcloned DNA in M13, 
usually between 0.1 and 1.0/jg/reaction. Primers were added to a final 
concentration each of 1.0/jM, which came to 750ng of each primer in a 100/d 
reaction volume. A 100/il reaction volume consisted of 68.5/il d ^ O , 10/il of 
primers (5/il of each at 150ng//il), 10/il of deoxynucleotide mix (2mM each of 
dATP, dCTP, dGTP, dTTP), 10/il of Cetus reaction buffer [500mM KC1, lOOmM 
Tris-HCl, pH 8.3, 15mM MgCl^ 0.1% (w/v) gelatine], 1/il template DNA and 
0.5/il Taq polymerase (Cetus), which was then overlaid with 70/il paraffin oil to 
minimize evaporation losses. Occasionally when the reaction conditions above 
failed to produce a product, the MgCl? concentration in the reaction buffer was 
doubled to enhance primer binding. Alternatively, or in conjunction with extra 
MgCl2, the annealing temperature was reduced by 2-5°C to further facilitate 
primer binding.
Use of PCR to Estimate Map Distance Between Exons
A >
✓  ?
B
Figure 2.2. Schematic representation of the strategy used to 
estimate intron lengths. Primers A and B hybridize to exons 
and the region between them is amplified. Dotted lines indicate 
the direction of polymerization.
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The PCR product length was estimated as described in section 2.14. 
Restriction enzyme digestion followed by electrophoresis of PCR products was 
used to confirm that the amplification products generated were in fact those 
predicted by the restriction enzyme maps of the clones undergoing amplification.
2.16.2 Cloning of genomic DNA by polymerase chain reaction
PCR was used in an attempt to clone the 3’ region of a gene, missing from 
lambda clone A6-lb (figure 2.3). This clone contains the upstream regions 
corresponding to exons 1, 2 and 3 of the putative gene encoding the GST2 cDNA. 
A custom oligonucleotide (primer Y, section 2.8.3) was made that would hybridize 
to the intron region at the 3’ extreme of the gene obtained from the lambda clone. 
An oligonucleotide that hybridized to the anticipated exon six sequence on the 
opposite strand was used as the second primer (primer N, section 2.8.3). 
Reactions were run for 30 cycles, a cycle consisting of the following conditions : 60 
seconds at 95°C, 60 seconds at 50°C and 5 minutes at 72°C. Human genomic 
DNA (approximately 2/xg in lp.1 H20) was used as the template for amplification. 
Otherwise reaction conditions were as described in section 2.16.1.
Use of PCR to Clone Missing Region of Gene
1 2 3
>o
m
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i
Ligate into cloning vector
Figure 2.3. Schematic representation of the strategy used to clone a 
missing portion of a gene using the polymerase chain reaction. Primer 
A hybridizes to known intron sequence on a genomic template. Primer 
B hybridizes to exon sequence of the uncloned region on the genomic 
template. The region between the primers is amplified.
Chapter Three
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genes. This chapter reports the isolation of 7 genomic clones containing various 
lengths of 7 different alpha class GST genes, 3 of which are clearly pseudogenes 
(A5-3, A6-la and A2-5). Two of the clones appear to be portions of the genes 
encoding the two cDNAs mentioned above, GST2 and GTH2, (A6-lb and V7a, 
respectively). The entire coding sequence of what appears to be a bone fide gene 
encoding a novel transcript is presented (A6), as well as a small portion of what is 
probably a further pseudogene (A3-3). The characterization of the nucleotide 
sequence of the majority of the exons represented in the genes isolated is 
presented, as well as most of the splice junctions involved. Some long tracts of 
intron sequence have also been determined, along with the entire region between 
two adjacent genes, the regulatory significance of which, is discussed in Chapter 4.
3.2 METHODS
3.2.1 Isolation oflambda phage clones
The genomic library, from which clones containing human alpha class 
GST genes were obtained, was plated out and screened as described in section 2.1 
of Chapter 2. Genomic clones in the library were identified by screening with a 
GST2 cDNA probe pGST2-PvuII (Board and Webb, 1987), as described in 
Chapter 2. Approximately 3 x 10^  phage were screened.
3.2.2 Restriction enzyme mapping, gel electrophoresis, and Southern blotting
Enzyme digests of DNA were electrophoresed on agarose gels, transferred 
to nylon filters and hybridized to labelled probes as described in sections 2.9 to 
2.13 of Chapter 2.
3.2.3 DNA sequence analysis
Subclones for sequencing were generated in M13 vectors as described in 
sections 2.5 to 2.8 of Chapter 2. Automated and manual DNA sequencing was
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accomplished using the dideoxynucleotide chain-termination method of Sanger et 
al. (1977), as outlined in sections 2.8.2 and 2.8.4 of Chapter 2.
3.2.4 Data compilation and analysis
DNA sequence data was processed as described in section 2.8.5 of 
Chapter2.
3.3 ISOLATION AND MAPPING OF HUMAN ALPHA CLASS GST GENES
An initial screening of the AEMBL3A genomic library with the GST2 
cDNA yielded 9 clones that continued to hybridize through two further rescreens 
using the GST2 probe. Subsequent library screenings yielded a further 8 clones 
that survived rescreening. Characterization of the 17 clones by restriction enzyme 
analysis indicated that of the 17 clones, 7 had unique patterns of digestion.
Plaque hfts (Benton and Davis, 1977) of the 7 clones were made and the 
filters probed sequentially with the 5’ 124 bases of pGST2 (Board and Pierce, 
1987) and the 3’ 134 bases (with the poly-A tail removed) of pGST2, to ascertain 
the extent of GST gene sequence represented in the lambda clones. Clones A5-3, 
A2-5, \1  and A3-3 only hybridized with the 3’ probe, indicating that they contained 
only partial genes, or else considerably diverged 5’ regions of GST genes. Clones 
X2-4 and A6-1 hybridized with both the 5’ and the 3’ portions of pGST2 
indicating that they might contain entire GST genes, or else all or part of two or 
more GST genes aligned in tandem.
Restriction enzyme maps for the 7 distinct lambda clones were determined 
(figure 3.1), enabling the existence of overlapping clones to be detected. An 
almost complete overlap between A2-4 and A6-1 was apparent. Subsequent 
sequence analysis, showing complete sequence identity between the two clones, 
lends support to the contention, that A2-4 and A6-1 are actually overlapped, and 
are not recently duplicated, independent clones. An apparent overlap between A5- 
3 and X7 appears confirmed after DNA sequence analysis indicated complete
Figure 3.1
Restriction maps of seven lambda clones containing portions of human alpha class 
GST genes and pseudogenes. Exons are denoted by solid boxes with the exon 
number underneath. Restriction enzyme abbreviations: E, EcoRI; B, BamHI; H, 
Hindill; S, Sal I.
X 
3-
3
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identity in the overlapped region between the two clones. Although the restriction 
map for A2-5 indicated a possible overlap with \5-3 and A7, sequence analysis 
revealed several base changes between the clones in the putative overlap region, 
including a loss of the HindUl site that occurs in exon 7 of A5-3 and A7b, 
confirming that A2-5 was distinct.
3.4 NUCLEOTIDE SEQUENCE OF HUMAN ALPHA CLASS GST GENES
Approximately 85% of the genomic DNA sequenced, including all of the 
exon regions, was sequenced on both strands at least twice. From the remaining 
15% of regions, unambiguous sequence was obtained at least three times on one 
strand.
Assignment of exon and intron numbers to the human genes described 
here was initially based upon those given to homologous exons and introns of the 
previously characterized rat and mouse alpha class GST genes (Telakowski- 
Hopkins et al., 1986; Daniel et al., 1987), with the assumption that the exon/intron 
structure in the human genes would be conserved with respect to that of rat and 
mouse. That assumption was later borne out as discussed in section 5.3.1 - an 
analysis of comparitive gene structure between human and rodent genes (also 
figures 3.2 and 3.3 comparing exon sequences and splice junctions of human and 
rodent genes, and table 3.1 showing exon and intron sizes).
3.4.1 A deletion of exon six from A5-3
The restriction map of A5-3 is presented in figure 3.1. Hybridization 
analysis located coding sequences to 4.3kb HindUl and 3.9kb BamHl fragments 
which were subcloned into M13 for sequence analysis. A contiguous nucleotide 
sequence for all of the 4.3kb HindUl fragment, extending from the last 150 bases of 
intron 3 to the end of exon 7 was determined, predominantly using manual dideoxy 
sequencing (Sanger et al., 1977) (figure 3.4). The 3’ HindUl site of the 4.3kb 
fragment bisected exon 7, so an overlapping 1.9kb EcoRl fragment containing all
Clop)
Table 3.1 Sizes of exons/and introns (kb)
INTRONS
1 2 3 4 5 6
A06 - 2 .5 1 .3 2 .4 2 . 1 1 .2
A24a - - - 2 .5 2 .9 0 .8 8 4
A24b 3 .5 3 .3 - - - -
A53 - - 1 .2 1 .8 7 1 1 .8 7 0 *
A25 - - 1 .2 0 .8 2 . 1 1 .2
A7a - - - - - 1 .2
A7b 1 .2
EXONS
1 .8 7 1 1 .8 7 0 *
2 3 4 5 6 7
A06 109 52 133 142 132 123
A24a - - 133 139 132 123
A24b 109 52 - - - -
A 53 - 52 132 142 - 123
A25 - - 132 - 132 123
A7a - - - - 132 123
A7b _ 52 132 142 _ _
Since exon 6 was missing this figure indicates the distance between exons 5
and 7
Figure 3.2
Aligned exon sequences of human (GST2, GTH2, A61a, A61b, A06, A53, A25, A7a, 
A7b, A33), rat (RatYa, RatYc), and mouse (MusYa) genes. Dots indicate identity, 
dashes indicate deletions. Translation start and stop codons are underlined. The 
double diagonal slashes indicate the limit of sequence determination in the two 
instances where exon 7 was not fully sequenced. The numbering begins from the 
known 5’ limit of the human transcripts.
EXON 1
GST2 AGTTGTCGAGCCAGGACGGTGACAGCGTTTAACAAA
GTH2 G..... C.... CA.A........ A........
A61b ....................................
RatYa GGAGTTG..AGC.GAGTGG..A.GAAGCCAC.ATGC.CG.T .G
RatY G AGA••G A G A C •.
MusYa GGAC TG..AGC.GAGTGG..A.GAAGCCAC.AC.C.C..T .G
EXON 2
40 60 80
GST2 GCTTAGAGAAACCTCCAGGAGACTGCTATCATGGCAGAGAAGCCC
GTH2 ........................... C..........
A61b .......................................
A 0 6 .A......T..C........G.
RatYa .C.GTGAAGCACAGT___ GCT...T.T.G.
RatYc G .GAACT..A.CA.T....GC....C.G.G.
MusYa . CCGTGAACCACAGT___ GCA..... C.G.
100 120
GST2 AAGCTCCACTACTTCAATGCACGGGGCAGAATGGAGTCCACCCGG
GTH2 ............. C___ AT................... T____
A61b .............................................
A06 .... T.............G................C...T___
RatYa GT. . .T............. C................G. .T____
RatYc GTC. .T........ G. . . .CA. ...G........ C...T....
MusYa GT...T............. C................G..T.A..
140
GST2 TGGCTCCTGGCTGCAGCTGGAGTAGAG
GTH2 ..........................
A61b ..........................
A06 ..... T ................G...
RatYa ................ A .... G. . .
RatYc ..........................
MusYa ....... A ....... A..G..G...
20
>
 >
EXON 3
160 180 200 
GST2 TTT GAAGAGAAATTTATAAAAT CT G CAGAAGATTT G GACAAGTTAAGAAAT G
GTH2 ...........................................................
A61b ...........................................................
A06 ....................G G ................... G A..............
A53 .....CC........ C..G......................................
A7b .....CC........ C..G......................................
RatYa .......... . G C . ... . C • GAG • C . ......C.....A...C.. .AG. .A.
RatYc ........A C .....C.G...A«.CGG..T •.CC ...C •.G .C ..•.G ....
MusYa ............G ...... C.GAG.C.G............ A-..C...A...A.
EXON 4
220 240
GST2 ATGGATATTTGATGTTCCAGCAAGTGCCAATGGTTGAGATTGATG
GTH ...................................................
A61a . . . .GAG____ T.C................................. C.
A06 .....A G ...........................................
A53  GAG............... T ____T .................. CA
A2 5 ....GAG............... T ____T .................. CA
A7b  GAG............... T ----T .................. CA
RatYa .C . . G A . .TG.C........C.....G........C.
RatYc ___ GAG...................... C ...... G ...........
MusYa . . . . G A .......... TG.C.........C ..... G ...........
260 280
GST2 G GAT GAAG CT GGT G CAGAC CAGAG C CATT CT CAACTACATT G CCA
GTH ...................................................
A61a ............A ......................................
A06 ........ T ____A ...................................
A53  - ......................................
\2 5  - ......................................
A7b  - ......................................
RatYa .............C A ................C ............ C ____
RatYc ...................................................
MusYa .............C ...............................C. . . .
300 320
GST2 GCAAATACAACCTCTATGGGAAAGACATAAAGGAGAGAGCCCT
GTH .........................................A ......
A61a .............. G.G..............................C
A06 .................................................
A53  T ....... C ................
A25  T ....... C ................
A7b  T ....... C ................
RatYa C ...... T G .............. G ..... G ...............
RatYc C ....................... G ..... G ...............
MusYa C ...... T G .............. G ..... G ...............
EXON 5
GST2
GTH2
A61a
AO 6
A53
A7b
RatYa
RatYc
MusYa
340 360 380
GATTGATATGTATATAGAAGGTATAGCAGATTTGGGTGAAATGATCCT
A
................. G ----A ...... A.C.T. .
.C..........G .......... A A ............
............G .......... A A ............
............G .......... A A ............
TC. . .G.....TTT . . . . C. .AC..........TA.
G C ......AG .G. . G . • . C . . .A. . • • . • A G . T . .
T C ......... TTT. ... C. .AC..........TGG
GST2
GTH2
A61a
A06
A53
A7b
RatYa
RatYc
MusYa
400 420
CCTTCTGCCCGTATGTCCACCTGAGGAAAAAGATGCCAAGCTTGCCTT
T ......... T.TAC. .A........... C .....................
T . A . TGCT. A T . GCA....................... A ..........C .
T ......... T .........G .......................A .......
T ......... A ...... A ................... T. . .A.........
T ......... A ...... A ................... T. . .A.........
••AAT•.GTAA.......C..A«.CC...G...A......ACC•*•••
••A .TAC••TTACAT•••C .•.•G ••.G .•...G ..A.GT••••••AA
G . AAT . . GTAT....... C . . A . . CC . . . G . . . A ...... A C ......
440 460 480
GST2 GATCAAGGAGAAAATAAAAAATCGCTACTTCCCTGCCTTTGAAAAA
GTH2 ___ C. A ....... C ...................................
A61a ..... GA.G. . . C . A C . .GCC— AT. .T. .T.............. CT
A06 ......A .............. G ...... T ............ C ......
\53 ....G.A....G...G......T....T......A.......G...
A7b ___ G . A ____G...G...... T ____T ...... A ....... G...
RatYa .GCA. .A. .C.GG.CC. ....C..G.....G. ....... ...... G
RatYc A ........ C  GC. .GG. .C. .T..... T .............. G
MusYa .GCA..A. .T.GG.CC.....C..T.....G...... ........ G
EXON 6
500 520
GST2 GTCTTAAAGAGCCATGGACAAGACTACCTTGTTGGCAACAA«
GTH2 .............. C ............................
A61a . . G . . G .......................... C .....C ____
A06 ..G...C.....................................
A25 ............................................
A71 .............. C ............................
RatYa . .G..G............C ...............A..T....G
RatYc . . G . . G .................. T..T..C........ T.G
MusYa . . G . . G ............C ............... G ....... G
540 560
GST2 GAGCCGGGCTGACATTCATCTGGTGGAACTTCTCTACTACGTCG
GTH2  C ......................... G.
A61a ................... C .....CA............C....G.
A06  AGC...................... T..G.
A25  C ......................... G.
A71  C ......................... G.
RatYa ..C.... TA.....C..C...C........... CT...T..T.
RatYc ....A.......TG. . T . C . . A . . TC. . G ........ C.T..G.
MusYa . . C . A . . . TG..... C . . C . . AC.....G .....CT . . . T . . T .
580 600
GST2 AGGAGCTTGACTCCAGTCTTATCTCCAGCTTCCCTCTGCTGAAG
GTH2 .A.............T..C.....T ......................
A61a .......... A.___C. .C....... A .................
A06 .A.............. C .......... A .................
A25 .A.............T..C.....T ......................
A71 .A.............T..C.....T ......................
RatYa .A. . .T___ TG____C. . .C.GA. .TCT................
RatYc .A.... G...C... . CGC.T.GG. • .A> • • ..............
MusYa .A ...T ....TG....C ...C .GA..CCT
EXON 7
620 640 660
GST2 GCCCTGAAAACCAGAATCAGCAACCTGCCCACAGTGAAGAAGTTTCTACA
GTH2 ................... T.............................
\61a ......... T ........... A..C................. T.G..
AO 6 ............................... G.................
A53 ......................... C................... G..
A25 ..................................................
A3 3 ......... T........... A..C................. T.G..
A7a ................... T .............................
A7b ......................... C................... G..
RatYa . . . T. C. . G. G.......... G...C___ AT.......... C. . G. .
RatYc ...... G...... G......... C....................T. .
Mus Ya . . . T . C. . G. G.......... G...C___ AT................
680 700
GS T 2 GCCTGGCAGCCCAAGGAAGCCTCCCATGGATGAGAAATCTTTAGAAGAAG
GTH2 .T
Ab la .......... TG... G... T..... AA ...C....GG. ..........
A06 ........................ GCA. . . .CA. . .G...........
A53 .......... AG___ G...... G. A ___ T ____G...........
A25  T
A3 3 .......... TG...... T.//
A7a  T
A 7 b ...........AG....G...... G.A....T....G...//
RatYa ..••••••.T.AG..A.....AG••...•••.CA...CAAA.C.......RatYc .......... AG....... ATTAGA.......... G.G.... TCT .
MusYa .......... AG..A............... CA. . . CAAATTC.....
720 740
GST2 CAAGGAAGATTTTCAGGTTTTAATAA
GTH2 ................... ......
A6la ••.CA..........A.....G....
A06 .C. .A ................ ......
A53 ........ C.... A. G. . .G. A. .
A25 ..................... ......
A3 3
A7a ..................... ......
A7b
RatYa ....... G..... A___ TAG
RatYc . . GTT....C.... TTAA
MusYa ........GC.....A.A..C.GTGA
Figure 3.3
Exon-intron splice junctions in human (A61b, A06, A53, A25, A7a, A7b, A33), rat 
(RatYa), and mouse (MusYa) alpha class GST genes and pseudogenes. The "AG" 
and "GT" consensus signals are shown in bold letters.
INTRON 1 5»splice
A6lb GTAAGTACTGATCTTATAAATTTCTCTACATTGCCTTA..
RatYa GTCAGTACTCTCTTTTACAACCC..
MusYa GTCAGTGTTCTCTCTTATAACCTGTGGAACCCTCTTCC..
INTRON 1 3 'splice
\61b ..ATTTTTGATTCTATCGTTTCAATTATTCATTCATTCATTCATTCATTCAG
AO6 ..TTTGCTTCTCTAGACTCATTCATTCATCCATTCATGCATTCATTCATTCA
RatYa ..ACACTCCATAGCACAGGCTCCCCGACTGATCTCTGCCCTTTCTCTCCTAG
MusYa ..ACATCCACCCCACAGGCTCCTGGCTGACCTCTCTGCCTTTTCACCCCTAG
INTRON 2 5 'splice
A61b GTAGGTTCTGAGTTAGGTCA..
AO6 GTATGTTCTAAGTTAGGTCATCTTAAGTTGGACTAATTGACTGTATCAAA..
RatYa GTAGGTGGTG..
MusYa GTAGGTTGTGCAGGGTTCCGCAGCTGGCCCTAGAGCCAGTTTAAAATACT..
INTRON 2 3 1 splice
A61b ..TCTATAATAGAATGAACTAACAAGAACGTATTTACTGTTTCTGCTTCCAG
AO6 ..AATGCTATGGAACGAACTAACAAGAACCCATTTACTGTTTCTGCTTCCAG
A5 3 . .AATGCTATGGAATGAACTAACGAAAACTCATTTACTGTTTCTGTCTCCAG
A7b ..AATGCTATGGAATGAACTAACGAAAACTCATTTACTGTTTCTGTCTCCAG
RatYa .TATTTTTCTGCTTTCAG
MusYa ..CAGTAACACAGAAGGAGCTAATGAGCATGCTTTTATTTTCCTGCTTTCAG
INTRON 3 5'splice
A61b GTAAGAT CAAT CT CTAAGTT C CT CTGATGAGGGTAT CTAGTAGAAGGTAC..
AO6 GTAAGATCAAGTCTCTAAGTGCCTCTGATGAGGGTATCTAGTAGAGAAGT..
A53 GTAAGATGAAGT CT CTAAGTAC CT CT CATGTGGGTAT CTAATAGAGGG..
A7b GTAAGATGAAGTCTCTAAGTACCTCTCATGTGGGTATCTAATAGAGGGCA..
RatYa GTAATACCAAGTG..
MusYa GTAACACAGAGTATCTGTGTGACATCAGTGAGGTAT..
INTRON 3 3 «splice
A61b ..GATTCATAGAAATTTCACTCTGCCTTTTTTTTTTTTTCTATTTTCTAAAG
AO6 ..GAATATGGATTCATAGAAATTTCTGTTCCTTTTTTTCCTTCTTTCTAAAG
A53 ..AGTGGGATTCATAGTCATTTCACTCTCCTTTTTTTTCCTTCTTTGTAAAG
A25 ..AGTGGGATTCATAGTCATTTCACTCTCCTTTTTTTTCCTTCTTTGTAAAG
A7b ..AGTGGGATTCATAGTCATTTCACTCTCCTTTTTTTTCCTTCTTTGTAAAG
RatYa .TTTCAGAG
MusYa ..AAGTGAGTCCGGGACACTCTGGCAGATCTTTTCCCTTTTTCTTTTCACAG
INTRON 4 5»splice
A61a ATATAGTATATTTTTTGTTCTTCCATCAACAGAGAACACAGAGTGATTTC..
AO6 GTACGGTATATTTTGTGTTCTTCCATCCACAGAGAACACAGAGTGATTTA..
A53 GTATGGTATAGTTTCTATTCTTCCATCAACAGATTTAACACAGGAGTGAT..
A7b GTATGGTATAGTTTCTATTCTTCCATCAACAGATTTAACACAGGAGTGAT..
RatYa GTACGATGTGTTTCTGTTGTTACCTCAGTGGGAAACAAGGGAAGGATTTG..
MusYa GTATGATATATTTCTTGTTATTACCCCATGGGAAACAAGGGAAGCATTTG..
INTRON 4 31splice
AO 6  CAAGAGGCCATTTGAATCTTTTGGCCTGTTTTTGACTTTAAG
A53 ..AAAATCTAAGGCAAAAGGCATTAGAAAGTTTGGTTGTTTTTGTCTTTCAG
RatYa .CCCTTGACAATTTGGATAATTTTATCTTTCAG
MusYa ..CAAATGTAAAATAGGAGATTCTTGACAATTTGGAAACTTTTGTCTTTTAG
INTRON 5 5'splice
A61a GTACCTGGGAGCTTCTGGATAGCTGAACACGTGGAGCTTCTTGGAGGGTG..
AO6 GTAGGTGAAGCTGTTCAAGCATTTGGGCATGAGTTAGAGCAGTAGAAATA..
A53 GTAAGTGAAGTCATTCAGCGTTTTGGAACACTGCATTTTGAGGACAATAG..
A7b GTAAGTGAAGTCATTCAGCGTTTTGGAACACTGCATTTTGAGGACAATAG..
RatYa GTAAGTAGGCTCCATGAAGTCTGGGGAC...
MusYa GTAAGTAGGCTCTTTGAAGTCTGGGGACACTGAGTTTCAGGGACAAGAGA..
INTRON 5 3«splice
A61a ..CCCAGCCTCACTGCACATGTGTTCCTGATCTGTTTCCTCTGATTCTCCAG
AO6 ..GTCCATCCTGGTGCGCATGTATTCCTGATCTGATTCCTCAAATTCTCCAG
RatYa ..GGCCCCGGCCCGACTGTTTCTGTTCATAATCAGTCTCTTTATTTTTGCAG
MusYa ..GCCCCAGCCCAACTCTTTGCGTTCATAACCAGTCTCCTTTCATTTTGCAG
INTRON 6 5'splice
A61a GTGACCCATTTCCCAGTCCTCAAGAGGCAGCTCCTCATCTCCCATCTTGG..
AO6 GTGACCCATTTCACAGCCCTCAGAGAGACAGCCCACATGTCCCATCTTGG..
A25 GTGACCCATTTCACAGTCTTCAGAGAGGCAGACCCACATCTCCCATCTTG..
A7a GTGACCCATTTCACAGTCTTCAGAGAGGCAGACCACTTCTCCCATCTTGG..
RatYa GTGAGACCACCTCAGAGAGGCAGCCACACACATGCCTCTGACAGTACAAT..
MusYa GTGAGACCACCTCAGAGAGGCAGCCACACACATGCCTCTGAAAATACATG..
INTRON 6 3»splice
A61a ..GGTGGTGTTACCCTTGGCTTCACTCTGAGGCTGTGCTTTGTGCATTGCGG
A06  TTCACTCTGAGCTGTGCTTTGTGAATTACAG
A53 ..TGGTGTCTGCCCTTGGCTTCACTCTGAGGCTACATTATCATGCATTGCAG
A33 ..GTGGTGTCAGTCCTTGGCTTCACTCTGAGGCTGTGCTTTGTGCATTGCGG
A7b  TGTCTGCCCTTGGCTTCACTCTGAGGCTACATTATCATGCATTGCAG
RatYa ..GTTGTGCACATGAGTACTACCAGCTCTCAAGCTGTGTTTCTGGATTACAG
MusYa ..TCGTGCACATGCCTACTACCAATGGTCAATTTGTGGTTTCTGAATCACAG
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of exon 7 was subcloned into M13 and also sequenced. Sequence from exons 4,5 
and 7 was obtained along with the intervening sequences. Sequence for exon three 
was obtained using custom primers (primers G, H, S and U, section 2.8.3). 
Hybridization analysis indicated that exons 1 and 2 were not present in A5-3. The 
nucleotide sequence determined for A5-3 is presented in figure 3.4.
Despite obtaining contiguous DNA sequence between exons 5 and 7, 
recognisable sequence for exon six (with respect to GST2 and the rodent 
homologs) was not detectable. Southern blots of digested and electrophoresed A5- 
3 DNA, failed to hybridize to oligonucleotides made with exon 6 sequence 
(primers M, N, O W and X, section 2.8.3), indicating that the absence of exon 6 
was not an artefact of the computer contig assembly programmes. Two 
independently isolated EMBL3A clones (A 1-1 and A2-3), having identical patterns 
of restriction enzyme digestion to that of A5-3, also failed to hybridize to the exon 6 
oligonucleotides, suggesting that the missing exon 6 was either a genuine deletion 
in the DNA of the tissues from which the library was made, or that it was an 
artefact of the library construction. The isolation of a different but overlapping 
EMBL3A clone - A7 -, also having the exon 6 deletion, did indicate that the 
deletion was not a library construction artefact, but that in vivo exon 6 is actually 
deleted. It is interesting to note that sequence determination indicated that A2-5 
(a clone with a very similar restriction map to that of A5-3) clearly contained exon 
6, whereas A7b and A5-3 consistently failed to produce any sequence using the exon 
6 custom primers. Data presented in detail in Chapter 5 indicate that A5-3 and A2- 
5 are closely related and recently duplicated.
The existence of a point deletion in A5-3 (at position 262, in exon 4) 
constitutes strong evidence for A5-3 being a pseudogene. The same point deletion 
is also present in A2-5. The ensuing frameshift translation errors and the missing 
exon consign both of the abovementioned, closely related genes to pseudogene
status.
Figure 3.4
Nucleotide sequence of A5-3 with deduced amino acids also shown. Exon 
sequence is shown in upper case, intron sequence in lower case. The codons of 
exon 4 were artificially maintained in their translation reading frame. The dash 
indicates padding inserted to maintain exon 4 in reading frame. The translation of 
the exons is given above the DNA sequence and is shown in single letter code. 
Splice signals, the stop codon, and the polyadenylation signal are shown in bold 
letters.
LAMBDA 5-3
..agcccctctgtgtgcactgccaaactcagaaatcttatattctccaaatgatgcacca 
gataggggctattcaaagtcagaagtttataatgctatggaatgaactaacgaaaactca
EXON 3
F D Q K F L E S A E  
tttactgtttctgtctccagTTT GAC CAG AAA TTT CTA GAA TCT GCA GAA
D L D K L R N
GAT TTG GAC AAG TTA AGA AAT Ggtaagatgaagtctctaagtacctctcatgt 
gggtatctaatagaggg.... 1.1 kb ....aagctttttaaaaacgcactttcaggt 
gaaatcttaccaggcaataatttctttttcatgtacaaatttagtcattttcacaaccat 
ttttttcatcctgaaagagtgggattcatagtcatttcactctccttttttttccttctt
EXON 4
D G S L M F Q L V P M V E ItgtaaagAT GGG AGT TTG ATG TTC CAG CTA GTG TCA ATG GTT GAG AT
D R M K L Q T R A I L N Y IT GAC AGG ATG AAG CTG -TG CAG ACC AGA GCC ATT CTC AAC TAC AT
A S K Y N L Y G K D T K E R A
T GCC AGC AAA TAC AAC CTT TAT GGG AAA GAC ACA AAG GAG AGA GC
LC CTgtatggtatagtttctattcttccatcaacagatttaacacaggagtgatttaggt 
ccttccttgaatgggtgggacatggtaggggccttcagcatgtacgctagggtctagcat 
tgcagagactcatggagatgagggaacagtgaacatggggtgggctcaggcgagggggag 
tctagaagaggatccagtccatggatccagcaccctgacagaggtttccaaacacggatg 
aaccatgaactcaggaggatggggaatcatgattccaggtgctcaggccttcagaggctg 
gactggagccaacagcttaggacaaggcatagaacgtttgagagtctgtaggtgaaggcc 
tggggagaaaaggttacaaaggagctgaatctcaggttccagtaaatccaagaatgatga 
ccagggacctaagttaccagccaattatatggactgcaacacctgagcagggctagcaga 
ggctggcaccaaggatgctggggttatcttgacacatggttacaaggctgaaacagccag 
attgattcaataccagcaaagccaaagggtttcctcactattgtgataaaactacatgat 
tccaaataaatcctgaatggaacttttggcagcccctccaaaattttcctgcagtattac 
caatgaccaagcaattcctcaactagatatattcccaaaagaataaaaaatacaaccaca 
ctaaatattgaagataaatgtacaatgcaaataacaatattcatagtattcaaaaagtgg 
aaacaaggcaaatatccatcaatcaataaatggaggggcaaaatgtgctttagccatgtg 
atggaacgatattgtcatgaaacagaatgaagtactgatgcatgctacaagatggttaaa
ccataaagacatgttacataaaagaaacaagacacagaaagccacatattataggattct
ttttgtatgaaacgtccagaatatgcaaatccatagaggcagaaagtagattagtgttgc
ctggggctaaaggagtggggcttggagtaaaatgaagaatactgctgatggtacagatgt
ccttatcggggtcataaaaaatattctggaattagaatgtgatgatttttgcagagttct
gtgaatgtgctaaaaagcactgaatgtggctgtatgtcaataagctgttgttttaaaaag
tattgtgaaacctgagtttgacacaaaagaaaaagtttgcactggttgtaactgtataaa
taatttcaccaaggaaggggatcttttaggtggagtctcaggtaaggcacacgtggctag
agtcggacaacagcacatggagagggctgtagaattatgtttcatgggagtaactggaaa
aactgctaatattgggcatagaagtgggcctgggagatgtaaaatgatgagacagaacaa
ggaacatgactgagatgctgtgccagggactctcttgggattacttaggaggcaggactt
tggcaatttgactcacactaagttcacacacagaacaaaccacaatagagatggtcagtc
ctggcacagcaccagtgggtactggcagtgattccacaagtttctgtcatgactgtgacc
accgatgctctttttacctgtattaggtcatgtgtgtaacaaaatttagagatctatcta
cctcaataggttgttttaaaaaaataaaatgttaatatacctgtaaaaatcagagcataa
tgactagactatgaaaggcaatcattggaggtaaattgctttgccaccacctgatgctct
atcctcttagatttttaaactataaaatctaaggcaaaaggcattagaaagtttggttgt
EXON 5
I D M Y I E G M A D L  
ttttgtctttcagG ATT GAT ATG TAT ATA GAA GGT ATG GCA GAT TTG A
N E M I L L L P I C Q P E E K  
AT GAA ATG ATC CTT CTT CTG CCC ATA TGT CAA CCT GAG GAA AAA G
D V K L A L I E E R M K N C Y  
AT GTC AAA CTT GCC TTG ATC GAA GAG AGA ATG AAA AAT TGC TAT T
F P T F E K
TC CCT ACC TTT GAG AAAgtaagtgaagtcattcagcgttttggaacactgcattt 
tgaggacaatagaaaaacagtggcttggcattcctggggcactgacaaacaattgtaccg 
cttacactcaagctataattttccagcaaagttttgttttatttttctttattttttagg 
agatgatatcttcttctgtctcccaggcttcagtgcagtggatcactgcagcctggacct 
cctgggcttatgtgatcctcccaccttagccaccttccgagtagctaagattacaggcat 
gacccactgtgcctgtttaatttttagaattttttaagagatgaggtctctcaatgttgt 
ccaggctgttatcacaaaattacaattcactagactccaatataaattatttatttaaca 
aaatttcatgttcataattagaacatgggctgtgagaggctctgagccacagtagaattt
ggtctacagtcttcagaacaacactggatttgatttaaaaggaacatgatgaatggaata
catcagaaaatattctggcaccatgcgtaggaagacatgagaccaactgcccattgtttt
gttattgtggggtgtttgttactgtggggcgtttcaggggtaaatatccaaaaacggagg
gtggcagtgggatggggaggaagatacttttatgcatttcaaagttgcagacatcagtgc
agtccacccctagacacttcaacttgcagattataactgtaggttaggagtcagagccga
cgatgcaagaaagatgatgaattcaagttcacccaggttcacttcagatctcagagagag
caggaaatgaggagagcagacaagaagaaatgactctgaaatagtctactcctgggggag
gagtgctgtcatgaaggtggagtcactgcccaagagagattggagagggacagtgcagag
cgtagagccacgtcctgaacgtcagggctgcatgctgttgagcctggggcaaaccgaaca
tggtggtgtggatgccacagtgatgtgaaataagaagagaaaatgggagcctggggtcca
agtaaggaatgagcagagccctcgttctcactctgtcattgaatcagggaccataaacaa
agttcaggatctctgctacctcaggaagagcattttgccttttatcatggaaaggaccca
gggcccagcatctctccccatccctctattcccctgtggtttctgttcctgagttctctg
tgatgccctttatcccagatgtgcccttgtcttcccacaccaagtatgtctgagcagggc
tctttccatctggttttctccctgggctccagctcctgctgtcagacattgcgtttctcc
ctgcacagct.ctcacaacacacagcccccaaccttgtatccctcagtgggaaaaagtagc
cccataatttgcctttaacatttcctatcttcatttctgactcaatt.ttcctg'tagt'ttc
acttctgcctagagactgatctgtgctcatatctcacaggcacattcttttttcttgtct
tatacaaaagccatgaatttacaggattaatgtgtaaggaagtgtgtagggagactgaat
tgaatagtcttaaagacatctttggggaaaatgctagcgagctacatgttcttcctctta
tctttgcttccggctgggtgtctgtttccctgcctctacactggtgttgatggaggggac
tcagctggtctttgtgtaggagggactcagatttcctgggttgtgtttatgatggtgtct
A L K T R
gcccttggcttcactctgaggctacattatcatgcattgcagGCC CTG AAA ACC AG
EXON 7
I S N L P T V K K F L Q P G S  
A ATC AGC AAC CTC CCC ACA GTG AAG AAG TTT CTG CAG CCT GGC AG
Q R R P P V D V K A L E E A R  
C CAG AGG AGG CCT CCC GTA GAT GTG AAA GCT TTA GAA GAA GCA AG
K T F K V stop
G AAG ACT TTC AAG GTT TGA AAAAGAAGCCATCGAGGCCAAGCACATGCAAGAC 
CAGTTTTCTAAAGTTCTGCAACAATGAAGTGATTTACCTAAGTGTTGATTCTGATTGTTG 
tgagaccaataaagttttccaaagtatatgctaatttaggttaaagctcaactatgcaga
tgtggttgcaatgcagtcttacttggcattgaccaaatgtaaaatcaagcctagaatgtc 
actttggatttaaataacaggt...
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The 450 bases of coding sequence of A5-3 contained in exons 3, 4, 5 and 7 
are 90% conserved with respect to GST2, having 43 base changes, and when 
translated have 29 amino acid substitutions. The translation stop signal is a TGA 
(opal) codon, whereas GST2 has a TAA (ochre) stop signal. The putative 
polyadenylation signal of A5-3 of AATGAA differs by one base from the 
AATAAA signal of GST2 and the consensus reported by Proudfoot and Brownlee, 
(1976).
Splice junction sequences in A5-3 (figure 3.3) all comply with the "GT-AG" 
rule and have reasonable matches to the consensus acceptor junction sequence, 
NTNYYYTTYYYYYYNCAGG (where N = any base, Y = pyrimidine) of 
Shapiro and Senapathy, (1987).
3.4.2 Tandemly arranged genes in A6-1
Approximately 8kb of sequence of A6-1 and A2-4 was obtained using an 
Applied Biosystems 370A automated sequencer, (pooled sequence shown in figure 
3.5) No sequence differences were detected between the two clones, where they 
overlapped, indicating that the overlap was not an artefact. Having hybridized 
with both the 5’ and 3’ probes of pGST2 it seemed probable that A6-1 contained an 
entire GST2 gene. However once restriction maps were constructed it became 
apparent that the clones A6-1 and A2-4 actually contained the 3’ half of one gene 
contiguous with the 5’ half of a second gene (figure 3.1).
Hybridization analysis located coding sequences to 2.6kb BamHl, 2.8kb 
BamHl/HindUL, 3.4kb Eco Rl, 1.9kb BamHl/Eco Rl, and 5.3kb BamHl 
fragments which were subcloned into M13 for sequence analysis. Contiguous 
sequence was obtained from the last 480 bases of intron 5 of A6-la (figure 3.5) 
through to the beginning of intron 1 of A6-lb, including putative regulatory regions 
of A6-lb (presented here but treated separately in Chapter 4).
Sequence of exons 4 and 5 of A6-la and exon 2 of A6-lb was obtained 
using custom primers (primers E, F, I, J, K, L and S, section 2.8.3) yielding only
Figure 3.5
Nucleotide sequence of A6-1 with deduced amino acids also shown. Exon 
sequence is shown in upper case, intron sequence in lower case. The codons of 
exon 5 were artificially maintained in their translation reading frame. The dashes 
indicate padding inserted to maintain exon 5 in reading frame. The translation of 
the exons is given above the DNA sequence and is shown in single letter code. 
Splice signals, the stop codon, and the polyadenylation signal are shown in bold 
letters. The putative TATA box is shown in bold and underlined.
LAMBDA 6—1
LAMBDA 6-la
...agaactgtgtttaatgtctttaacagcatgagacttactttgagaaattcccatgtt 
aaatggcatctggctggtgacctgttgcagtctctcccaacttcttcctaagatatcatg 
aaaataaatcaacacagacaatacaagcgacctattctgtagctggatgggaaataaaaa 
cataaatgaagtaacagtataaaaagtaaaagaacgcttgataagaaaaagcacttccag 
aagctaaaaataagttcctatttcatttgaacagttgccaggcaatttttttttcatttt 
atacatttagtcatttccacaaccactttttcatcctgaaagggtgggattcatagaaat
D G S L F F
ttcactctgcctttttttttttttctattttctaaagAT GGG AGT TTG TTC TTC
EXON 4
Q Q V P M V E I D G M K L M Q  
CAG CAA GTG CCA ATG GTT GAG ATT GAC GGG ATG AAG CTG ATG CAG
T R A I L N Y I A S K Y N L C  
ACC AGA GCC ATT CTC AAC TAC ATT GCC AGC AAA TAC AAC CTG TGT
G K D I K E R A P  
GGG AAA GAC ATA AAG GAG AGA GCC CCatatagtatattttttgttcttccat
caacagagaacacagagtgatttcggtccttctgtgagtgggcaggaccgtggaaggagc
atcacgactagcagcaggctgggccttgggcatatacgctggtgtccagtattgcagagt
cccatggagatgagaaaagagtgaatatggggagggttcaggcaagtgtgattctagaag
acaatgcagcctatggatcc • * • • 2.3 kb • • • • agG
I
ATT
D
GAT
M
ATG
Y
TAT
I
ATA
E G I A G L
EXON
S E
5
K L L H C S LGAA GGT ATA GCA GGT TTG AGT GAA AAG CTT CTT CAT TGC TCA TTG
H P P E E K D A K L A L I R G
CAT CCA CCT GAG GAA AAA GAT GCA AAG CTT GCC CTG ATC AGA GGG
N N K Y F P V F E T
AAC AAC AAG CC- -AT TAT TTT CCT GTC TTT GAA ACTgtacctgggagc 
ttctggatagctgaacacgtggagcttcttggagggtggcc.... 1.8 kb ....gac 
tcccaaggcatggtataaaaatagactgtgaataagaattctacgagttctaccaaatag 
cctgtgatatgtgcatttgaacaatgtatattacaatatagcattgaagttgttttgttt 
gtgtaccaagtcattatccatacgtttgtatgtatacatagtctgaaaatgtattgtcaa 
actattatcttaaatcaatgttgccatatgttttctctttttattatttatgatgtcaat 
gtgctgagatattttaataaatatcatatatcactcaaaaactttattattaaaaatgta 
tagatctggtgtagtccaaagaaatgttttatgaacatatatacaccaaggatctaaaga
gcaaag'ttaaccttttat.ctttgatt.tatcacgtgtcagtcac'tccacccctgtttgcct
cactcaaacacattattattattattattattattattattattgtgcatttcaaagtaa
gt.tgcagacatctttgcagttcaccctgggacacagtggcatgcagattataacatagtc
aaagcagtaagaaccaccattgcaagaaagaggatgaattaaagttcacccaggcttatt
tcagatcccagagcaggaaatgaggagggcagatgaggagaaatgaggattctgaaatag
tctactcgtgggagaagagtgctgtcatgaaggtggagtcgctgcccaagagagactgga
gagagagagagagtgtgtagagccactgaacatcagggctgcacactgtagggcctgggg
cagacaggacatgctgcagcaggggaaaacccctggcccatgtggaagatgcaagctggg
tgggtgctgtggatgccatagtgatgtggaatgagaggagaaaatggagcctgggctcca
aacaaggagtaagcagagccacacttcttactctctcactgaatcaggtaacatggagaa
agatctggatctttgcacctgcccagtaaggaagcagaggtgggagagggagagtcagcc
tggacaaactcaagggagaagcagaggcccagcctcactgcacatgtgttcctgatctgt
EXON 6
V L K S H G Q D Y L LttcctctgattctccagGTG TTG AAG AGC CAT GGA CAA GAC TAC CTT CTT
G H K L S R A D I H L V K L L
GGC CAC AAG CTG AGC CGG GCT GAC ATT CAC CTG GTC AAA CTT CTC
Y H V E E L D T S L I S N F P
TAC CAC GTG GAG GAG CTT GAC ACC AGC CTC ATC TCC AAC TTC CCT
L L K
CTG CTG AAGgtgacccatttcccagtcctcaagaggcagctcctcatctcccatctt 
gggatctagtatctgggtccttgaactggccacattctgacctcagccttctccaggtct 
tcagggccccccaggtctccaaaatgagcttccaggtcctgattctgaggcatggaaatg 
ccttcttgttatgccaaggaaattacatgtgcatgctaccccaagaatatttcgcttttt 
ataatgccaaggacccaggactcagcatctctcctcatccctttatttcactgtggtttc 
tgttcctgagttctctgtgatgccctttatcccaatatgcccttatcttcccacaccaag 
tgtgtctgagcagggccctttccatctggttccttccttatgctctggctcttgctgtca 
gataactgagttccttgtgcacagctctcccaacacgctgcccctgaaagctatatctct 
ctatgggaaaaagtggtcccatggtttgactttaacattttctattttcatttctagctc 
aattttcccatatcttcacttcttctgcttagagactgatctgtgctatctcacaggcac 
attgttctttctcatcttctacaagagccatgaatctacaagattcatgtgtaaggaaga 
gggtaggaagactgaactgaataaagtcttaaagacattttttgggaaaatgctagtgag 
ctgcatgttcttcctcttatcttcattt:ctcacgtagtgtctctttctgcctccctactg
gtgctgatagagagaactcaggtggtctttgtgtaggaggggcgcagattccctgggttg
A
tgttaatggtggtgttacccttggcttcactctgaggctgtgctttgtgcattgcggGCC
EXON 7
L K I R I S K L P T V K K F L
CTG AAA ATC AGA ATC AGC AAA CTC CCC ACA GTG AAG AAG TTT TTG
Q P G S P R E L P I N A K G LCAG CCT GGC AGC CTG AGG GAG CTT CCC ATA AAT GCG AAA GGT TTA
E E A T K I F K F stop
GAA GAA GCA ACA AAG ATT TTC AAG TTT TGA TAAAACAGGCATGGATGCCA
AGAACATGCAATACCAATATTCTAAAGTTTTGCAACAATAAATTGCTTTATCTAAATGTT
ggttgtggctattgt.gaagttaataaactttttaaaaattatgtgctaattacatagt.aa
aatgcctatgaccagatttagttaaaattgatttcttttcattagtatctgatgtgaaat
cagatttccaaactccccataaattttcttggaattaaaaatttagtaaaaaagtaaaat
gtagactatgtggtttgtttgactttttcaagaattgtcctgcaacatttgtcaaatggc
ctatcagaaagtcatgtatagaaatttacttctgacattctgcacaagaaaaacagttat
cattctggggaatggcaaaatgaaattttcttttttccttgacatccattttatttctca
tgaaaacactttttcttatgcattttcaaacaacctttctgtctgctatggatcctgcag
ttttgtaaggggtgaggaaatattgaagagcaaacagacccaccctctgctctcaggcca
acttgtcatcccttacagtgcatgtgctcctggctcatcctcactctcctcaaggctctg
tggggacccgggcatgagcttccctcagttcgttcagtgccactcaggcctggctgcgaa
gatacagatggtatatgcgaattacatataagtaactatatgcaaaattatttttccctg
gtgtgtcattgtgccagcgtgtttggattagaagtgatttccaggaatccttccctgcgt
cttctagcttctgggggctcttggctttctggactttcatggatcatgaccacatcactc
taatttctgcctctgtgttccagcacctcaccccctgtgtgttgtgtcttctcttctctc
tgctgtgaggacaattgtcattggatttggggcctatccagatataccaagatgatctca
tctcaaattcttttacttcattacatctgcaaagagcctttttccaaataagatcaagtt
cacaggatctagggatttctatatggacctatctttcttgggggccaacataacccccta
catggtataggtgaaataagattatttgcaattgatgaatccaggtgatgaatactttca
gatttgttatattatgggcaatttgagtgacgcaaagaggatagcatatgcaaatagggt
ctctggatttgtcagataaaatacaggatacccacctaaatgtgaatttcagataaacaa
taaataatatttcagtataatctggtttcataccgtgtttggaacatagctataactaaa
aaattgttgattgtttgcctgaaattcacatttacatggatgtcctatattttatttggc
aacccagtaagaaaacggtggcatcagcttgcccttcacagacatcctctcccagctatg
ctcacagtagagatttttcagttgccctagtctttgcacccaactcatgaaaaaaagcat
ctttaaaaagccagtttctgctgacttgcaaaaagagcaaaatctcggtgaaatgtattg
tgtaaactttgattgccaaccttgaaaaggaacacattaaccagtttcttctgataagca
gatcacttgcctcatgtcttagaatccagtaggtggccccttggcatgaaatgtgtggga
gtggcttttccctaacttgactcttctttcagtgggagagaactattgagaggaacaaag
LAMBDA 6-lb
EXON 1
agcttataaatacattaggacctggaattcagttgtcgagcCAGGACGGTGACAGCGTTT 
AACAAAgtaagtactgatcttataaatttctctacattgccttacaccctcctgtctagc 
ctcctagaaaaatatgctaatatgtgtccttagcacaaggaaaagtctgtttttactcat 
attgtgccgtcttggtgtgtttgggtgccagttcaagaatt.... 3.0 kb ....ttg 
agccaagaaacattccaggaactcctccaacacagtcatgaagaaggaaggttcttcttc 
agtattgttggtggttttcaactacatatcctaaagtacatttttgattctatcgtttca
EXON 2
attattcattcattcattcattcattcagGCTTAGAGAAACCTCCAGGAGACTGCTATCA
M A E K P K L H Y F N A R G R  TG GCA GAG AAG CCC AAG CTC CAC TAC TTC AAT GCA CGG GGC AGA A
M E S T R W L L A A A G V B  
TG GAG TCC ACC CGG TGG CTC CTG GCT GCA GCT GGA GTA GAGgtaggt
tctgagttaggtca.... 3.3 kb ....ctttctcaatgaataaggtccaaatttcca
aatggccatgaccagccccctctgtgtaccctgccaaactcagaatcttgtattctccaa
atgatgccacagatgggccattcaaggccacagtctataatagaatgaactaacaagaac
EXON 3
F E E K F I K S A  
gtatttactgtttctgcttccagTTT GAA GAG AAA TTT ATA AAA TCT GCA G
E D L D K L R N
AA GAT TTG GAC AAG TTA AGA AAT Ggtaagatcaatctctaagttcctctgat 
gagggtatctagtagaaggtacacggggaggtttgcgcagccggcaatgtctatgggtgt 
ggggcatggtatttgtacatggtgcagagggaaaaagtggttaaaatggaagggatgtgg 
ctccttgagcaagtctggcaactctctccaggttaaaaggaccagacctctcagagtatt 
tgctagaggaacaatctcccaccgctgagaaagccctttctttgttttcatgcttggggc 
accatgaatgagtggtggtcatcagcacaggatcca.. . .
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exon, and some immediately adjacent intron sequence. The DNA sequence of 
exon three (nominally of the A6-lb gene, but actually only present in A2-4, beyond 
where the overlap with A6-1 ended - refer to restriction maps, figure 3.1) was 
obtained with an ABI automated sequencer using dye-labelled universal primers. 
Hybridization analysis indicated that exons 1, 2 and 3 of A61a were not present in 
A6-1, as neither were exons 4-7 of A6-lb.
The A6-la gene is most likely a pseudogene, having a two base deletion at 
position 456 of the coding sequence. Of its 530 bases of coding sequence, in exons 
4, 5, 6 and 7, it has 76 base changes, and is 86% conserved with respect to the 
GST2 cDNA, while its translation differs by 39 residues. Exon 5, where the 
deletion has occurred,is particularly diverged, having only 75% nucleotide 
homology with GST2. The hypothetical resultant charge change to A6-la (based 
on exons 4-6, assuming it was translated) with respect to GST2, is +7, the extent of 
which is probably indicative of the lack of evolutionary constraint upon a 
pseudogene. The A6-la coding unit terminates with an opal codon (TGA), 
whereas GST2 terminates with a TAA ochre codon. The putative polyadenylation 
signal of A6-la, of AATAAA is identical to that of GST2 and the consensus 
reported by Proudfoot and Brownlee, (1976).
The exon/intron boundaries of A6-la and A6-lb are shown in figure 3.3. 
Not all of the splice juctions of A6-la comply to the "GT-AG" rule, whereas all of 
those of A6-lb do comply. The splice acceptor junctions of both genes however, 
have reasonable matches to the consensus acceptor junction sequence, 
NTNYYYTTYYYYYYNCAGG (where N = any base, Y = pyrimidine) of 
Shapiro and Senapathy, (1987).
The nucleotide sequence of the exons 1, 2 and 3 obtained of A6-lb is 
identical to that of the predominant human liver cDNA, GST2, suggesting that A6- 
lb is a part of the gene that encodes GST2. The AEMBL3 A library was screened a 
further 3 times with a walking probe (approximately 300bp from the 5’ end of
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intron 3 of A6-lb) in an effort to isolate the remainder of A6-lb. The last of those 
screenings yielded A7, however the remainder of A6-lb was not found.
In a further attempt to obtain the remainder of A6-lb, genomic DNA was 
PCR amplified between two primers chosen to specifically amplify A6-lb. Primer 
Y was made to intron 3 sequence of A6-lb and the second primer (primer N, refer 
to section 2.8.3 for the primer sequences) was made to exon 6 sequence of GST2. 
A 4.4kb length of DNA was produced in both of two amplifications, and ligated 
into M13. However, sequence analysis with custom primers did not yield 
recognisable GST sequence.
3.4.3 Gene structure and coding region sequence of A06
The restriction map of A06 is presented in figure 3.1. Hybridization 
analysis located coding sequences to 4.75kb EcoRl and 5.1kb BamHl/Sal 1 
fragments which were subcloned into M13 for custom primer sequence analysis 
(primers B-X, section 2.8.3). Because exon 5 turned out to be bisected by the Sal 1 
site of the 5.1kb BamHl/Sal 1 fragment, a 1.45kb EcoRl fragment containing all 
of exon 5 was also subcloned into M13. Interestingly, the Sal 1 site in A06 was the 
only one encountered within the 90kb of genomic DNA represented by the seven 
genomic clones presented here (figure 3.1).
Sequence from exons 2, 3, 4, 5, 6, and 7 is presented (figures 3.2 and 3.6), 
along with splice junctions and some adjoining intron sequence (figure 3.3). 
Despite sequencing attempts using four different custom oligonucleotides (primers 
B, C, D, and R, section 2.8.3), no sequence for exon 1 was obtained. Attempts to 
locate exon 1 within the A clone by hybrization with custom primers (B, C, D, and 
R, as above) were also unsuccessful. One of three explanations appears possible. 
The first, and most likely explanation is that exon 1 is not present in A06, that it is 
in vivo, located just outside the region of genomic DNA cloned into A06. The 
second possible explanation is that the putative exon 1 of A06 has a sequence 
sufficiently diverged that custom primers based upon GST2 sequence do not
Figure 3.6
Nucleotide sequence of A06 with deduced amino acids also shown. Exon sequence 
is shown in upper case, intron sequence in lower case. The translation of the exons 
is given above the DNA sequence and is shown in single letter code. Splice signals, 
the translation start and stop codons, and the polyadenylation signal are shown in 
bold letters.
LAMBDA 06
..cctgtgtcaccattcatatactagcgtgcatttgcttctctagactcattcattcatc
M A G
cattcatgcattcattcattcaGCTTAGAGAAACCAGAAGACTGTTACCATG GCA GGG
EXON 2
K P K L H Y F N G R G R M E P
AAG CCC AAG CTT CAC TAC TTC AAT GGA CGG GGC AGA ATG GAG CCC
I R W L L A A A G V E
ATC CGG TGG CTC TTG GCT GCA GCT GGA GTA GAGgtatgttctaagttag
gtcatcttaagttggactaattgactgtatcaaaaa.... 2.4 kb ....ttatgtac 
cagatggaggccattcaaggtcaacaagtctgtaatgctatggaacgaactaacaagaac
EXON 3
F E E K F I G S A  
ccatttactgtttctgcttccagTTT GAA GAG AAA TTT ATA GGA TCT GCA G
E D L G K L R N
AA GAT TTG GGA AAG TTA AGA AAT Ggtaagatcaagtctctaagtgcctctga 
tgagggtatctagtagagaagttaccgctgaccattgatt.tttttttttt.tttgaccagt 
ctgcgctgtgttgccaggctggagtgcagcggcatga.... 1.2 kb ....tttctcc
D G Y
tgaatatggattcatagaaatttctgttcctttttttccttctttctaaagAT GGA AG
EXON 4
L M F Q Q V P M V E I D G MT TTG ATG TTC CAG CAA GTG CCA ATG GTT GAG ATT GAT GGG ATG A
K L V Q T R A I L N Y I A S KAG TTG GTA CAG ACC AGA GCC ATT CTC AAC TAC ATT GCC AGC AAA T
Y N L Y G K D I K E R A L
AC AAC CTC TAT GGG AAA GAC ATA AAG GAG AGA GCC CTgtacggtatat
tttgtgttcttccatccacagagaacacagagtgatttaggtccttcctttgagt....
I
2.3 kb ....caagaggccatttgaatcttttggcctgtttttgactttaagA ATT G
EXON 5
D M Y T E G M A D L N E M I L
AT ATG TAT ACA GAA GGT ATG GCA GAT TTG AAT GAA ATG ATC CTT C
L L P L C P A E E K D A K I A
TT CTG CCC TTA TGT CCA GCT GAG GAA AAA GAT GCC AAG ATT GCC T
L I K E K I K S R Y F P A F E
TG ATC AAA GAG AAA ATA AAA AGT CGC TAT TTC CCT GCC TTC GAA A
K
AAgtaggtgaagctgttcaagcatttgggcatgagttagagcagtagaaatagtgctggc 
atctggatact.... 2.0 kb ....aggctggaagactcaggagaagcagggtccatc
V L Q S
ctggtgcgcatgtattcctgatctgattcctcaaattctccagGTG TTA CAG AGC C
EXON 6
H G Q D Y L V G N K L S R A D
AT GGA CAA GAC TAC CTT GTT GGC AAC AAG CTG AGC CGG GCT GAC A
I S L V E L L Y Y V E E L D S
TT AGC CTG GTG GAA CTT CTC TAC TAT GTG GAA GAG CTT GAC TCC A
S L I S N F P L L K
GC CTT ATC TCC AAC TTC CCT CTG CTG AAGgtgacccatttcacagccctca
gagagacagcccacatgtcccatcttgg.... 1.1 kb ....ttcactctgagctgtg
EXON 7
A L K T R I S N L P T
ctttgtgaattacagGCC CTG AAA ACC AGA ATC AGC AAC CTG CCC ACG G
V K K F L Q P G S P R K P P A
TG AAG AAG TTT CTA CAG CCT GGC AGC CCA AGG AAG CCT CCC GCA G
D A K A L E E A R K I F R F stop
AT GCA AAA GCT TTA GAA GAA GCC AGA AAG ATT TTC AGG TTT TAA T
AA AGCAGCCATGGAGGCTAAGAACATGCAAGACCAATATTCTAAAGTTTTGCAACAATA
AAGTGCTTTACCT
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hybridize to it. A third possibility is that A06, although not necessarily a 
pseudogene, may not have an exon 1. This perhaps unlikely proposition is 
forseeably tenable, a) because exon 1 is a 5’ untranslated region and therefore loss 
of exon 1 entails no loss of translated sequence, and b) because there exists a splice 
consensus abnormality at the apparent 5’ boundary of exon 2 that may indicate 
that there is no longer an intron upstream of exon 2 that requires splicing. There 
are however, two adjacent alternative "AG" splice donor signals, 4 and 6 bases 
downstream of the predicted splice location, which still leaves the splice donor 
region with a good approximation to the consensus splice donor sequence (Shapiro 
and Senapathy, 1987).
Apart from the question concerning the fate of the missing exon 1, there is 
no evidence to suggest that A06 is a pseudogene. It appears in fact to represent a 
bone fide alpha class GST gene, one which encodes an as yet undescribed mRNA 
and protein. The fact that a cDNA encoding this gene has not been cloned, 
indicates that either it represents a a minor liver form, or it is transcribed in a 
tissue (or tissues) other than the liver, where GST expression has not been as well 
characterized.
The nucleotide coding sequence of A06 is 96% conserved with respect to 
GST2, having 40 base changes (figure 3.2), resulting in 20 amino acid substitutions 
(figure 3.7). The resulting overall charge change to the putative A06 protein, with 
respect to GST2 is -1 (table 3.2). The 3’ UTR is 90% conserved with respect to 
GST2, having 7 base changes in the 73 bases of 3’ UTR sequence determined 
(figure 3.9).
The exon 2 5’ boundary was discussed earlier in this section. All of the 
other exon/intron boundaries of A06 are in accord with the "GT-AG" consensus 
and the splice acceptor sequences are all good approximations to the consensus 
(figure 3.3) (Shapiro and Senapathy, 1987).
The polyadenylation signal in A06 of AATAAA is identical to that of 
GST2, as is the stop codon of TAA.
Figure 3.7
Aligned deduced amino acid sequences of human (GST2, GTH2, A61a, A61b, A06, 
\ 53, V7a, A7b, A33, skin 9.9), rat (RatYa, RatYc), and mouse (MusYa) genes, 
shown in single letter code. The dashes indicate where frameshift deletions in the 
nucleotide sequence have occurred. The stop codons are indicated by a capital X.
EXON 2
GST2
GTH2
A61b
MAEKPKLHYFNARGRMESTRWLLAAAGVE
A06 . . . . . . . . . . . . . . . . . . . . . . . . . G. . a . .PI..........
RatYa .SG..V......... a . -Cl..........
RatYc . PG • • V . . . • DG • . a» •  •  P ! ! ! • • • • • • • • • •
RatYk M EV___ Y . . Q G . .  . a .  .  V I . . . . . . . . . . T .  .  . .
MusYa . .G..V . . . . . . . . . . . . . . . . . . . a . .Cl . . . . . . . . . . . . . . . . . . . . . .
Skin9 . 9 . PG. . V . . . . DG. . •  •  •
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EXON 5
100 120
GST2 IDMYIEGIADLGEMILLLPVCPPEEKDAKLALIKEKIKNRYFPAFEK
GTH2 ..................... FTQ. . .Q....... Q. .T...........
A61a ......... G.S.KL.HCSLH............. RGNN. — ...V..T
/\06 ___ T..M...N....... L. .A ...... I .........S .........
A53 ....... M. . .N....... I.Q..... V ..... E.RM. .C. . .T. . .
A7b ....... M...N....... I.Q..... V ..... E.RM..C...T...
RatYa ___ S. ..L..T...IQ.VI...DQRE..T..A .DRT....L.....
RatYc ___ A..V...D.IV.HY.YI..G..E.S..K..D.AR..........
RatYk ___ AD.TQ..MM . IGA. FKA. Q . . EESL. . AVKRA...... V. . .
MusYa ....S ...L ..T ...G Q .V L ...DQRE..T..A.DRT....L.....
EXON 6
GST2
GTH2
A 6 la
A06
A25
A7a
RatYa
RatYc
RatYk
MusYa
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EXON 7
GST2
GTH2
A61a
A06
A53
A25
A3 3
A7 a
A7b
RatYa
RatYc
RatYk
MusYa
200 220 
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• • • • • • • • • • • • •
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. • • « V •••••••
.F......I. .1.
•F.S...S..N..
L.EL.INA.G.
.....A.A.A.
Q.R..V.V.A.
L. .L
.T...K.X
.......X
...T .KVX 
S ......X
............... S ...... X
.Q.R..V.V.A
.Q. . .A. . A . Q I .... V.K.X
.Q...LE...CV.S.V...SX
. Q ____P . G H Y V D W . TVLK. X
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Table 3.2.
Protein charge changes with respect to human GST2, comparing human (GTH2, 
k61b, k06, k53, k25, k7a, k7b, k33), rat (RatYa, RatYc, RatYk), and mouse 
(MusYa) alpha class GST genes and pseudogenes.
CHARGE CHANGE
GENE Exon 2 3 4 5 6 7 TOTALS
GST2 0 0 0 0 0 0 0
GTH2 0 0 0 -2 0 0 -2
A06 0 0 0 0 -2 + 1 -1
\61a - - 0 + 3 + 4 0 +7
A61b 0 0 - - - - 0
A53 - -1 +1 -3 - +1 -2
A25 - - +1 - 0 0 + 1
A7a - - - - 0 0 0
A7b - -1 +1 -3 - +1 -2
A3 3 - - - - - +1 + 1
RatYa 0 0 -2 + 1 0 +1 0
RatYc -1 +1 0 + 1 +1 -2 0
RatYk “ 1 -1 0 +2 -5 + 1 -4
MusYa 0 0 -2 + 1 0 + 2 + 1
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3.4.4 An overlap with A5-3 and a portion of a second gene are encoded in A 7
The A7 EMBL3A clone was isolated with a walking probe made from a 
part of intron 3 of the A6-lb gene so it was hoped that it would contain the 
remainder of that gene. The construction of a restriction map together with 
hybridization analysis indicated that A7 contained two copies of exon 7, as well as 
exons 3, 4, 5 and 6, but no exons 1 or 2. Those results, together with sequence 
analysis using custom primers (primers G-Q, V-X, section 2.8.3) showed that XI 
contained portions of two genes, denoted A7a and A7b (A7b was determined to 
overlap A5-3 and thus is a pseudogene, as discussed below). Hybridization analysis 
located coding sequences to 4.9kb HindUl/Sall, 4.3kb HindlH and 3.9kb BamHl 
fragments which were subcloned into M13 for sequence analysis. The restriction 
map of XI is presented in figure 3.1.
Only exons 6 and 7 of A7a were present in XI but the sequence of those 
two exons including the 3’ UTR matched exactly that of the cDNA GTH2 (figures 
3.8 and 3.9). Thus it appears that A7a is the 3’ region of the gene encoding the 
alpha class GST transcript, GTH2. The details of the coding region and 3’ UTR of 
A7a determined in this study as being identical to GTH2, have been published 
elsewhere (Rhoads et al., 1987).
The downstream gene in XI was denoted A7b and from it the sequence of 
exons 3, 4, 5 and part of exon 7 was obtained (figure 3.8). From the restriction 
map of A7b it was likely that A7b overlapped A5-3. The DNA sequence of A7b 
obtained was identical to that of A5-3 (and so is not further discussed here), 
therefore the overlap appears to be valid.
3.4.5 Partial characterisation of A2-5, a pseudogene
The restriction map of A2-5 is presented in figure 3.1. Hybridization 
analysis located coding sequences to 3.9kb BamHl and 4.3kb Hindlli fragments
Figure 3.8
Nucleotide sequence of \1  with deduced amino acids also shown. Exon sequence 
is shown in upper case, intron sequence in lower case. The codons of exon 4 were 
artificially maintained in their translation reading frame. The dash indicates 
padding inserted to maintain exon 4 in reading frame. The translation of the exons 
is given above the DNA sequence and is shown in single letter code. Splice signals, 
the stop codon, and the polyadenylation signal are shown in bold letters. The 
putative TATA box is shown in bold and underlined. The double diagonal dashes 
in exon 7 of A7b indicate the limit of nucleotide sequence determination.
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A L K T R I
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AGTGTTGATTGTGCCTGTTGTGAAGCTAATGAACTCTTTCAAATTATATGCTAATTAAAT 
AATACAACT C CTATT CAC C CACTTAGTTAAAATTGATTT CTT CT CATTAGGAT CTGATGT
LAMBDA 7b
..approx 6kb ...ggccacaaccagcccctctgtgtgcactgccaaactcagaaatc 
ttatattctccaaatgatgcaccagataggggctattcaaagtcagaagtttataatgct
F D Q K
atggaatgaactaacgaaaactcatttactgtttctgtctccagTTT GAC CAG AAA
EXON 3
F L E S A E D L D K L R N  
TTT CTA GAA TCT GCA GAA GAT TTG GAC AAG TTA AGA AAT Ggtaagat
gaagtctctaagtacctctcatgtgggtatctaatagagggcacataaggaattttga..
.. 1.1 kb ....ttttttcatcctgaaagagtgggattcatagtcatttcactctcct
EXON 4
D G S L M F Q L V S  
tttttttccttctttgtaaagAT GGG AGT TTG ATG TTC CAG CTA GTG TCA
M V E I D R M K L  Q T R A I
ATG GTT GAG ATT GAC AGG ATG AAG CTG -TG CAG ACC AGA GCC ATT
L N Y I A S K Y N L Y G K D T  
CTC AAC TAC ATT GCC AGC AAA TAC AAC CTT TAT GGG AAA GAC ACA
K E R A L
AAG GAG AGA GCC CTgtatggtatagtttctattcttccatcaacagatttaacaca
ggagtgatttaggt.ee.. . . 1.7 kb .. . . <etttcagG
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M I L L L P I
GAA GGT ATG GCA GAT TTG AAT GAA ATG ATC CTT CTT CTG ccc ATA
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K
AAAgtaagtgaagtc
attcagcgttttggaacactgcattttgaggacaatagaaaaacagtggcttggcattcc 
tggggcactgacaa....
....tgtctgcccttggcttcactctgaggctacatta 
EXON 7
A L K T R I S N L P T V
tcatgcattgcagGCC CTG AAA ACC AGA ATC AGC AAC CTC CCC ACA GTG
K K F L Q P G S Q R R P P V D
AAG AAG TTT CTG CAG CCT GGC AGC CAG AGG AGG CCT CCC GTA GAT
V K A 
GTG AAA GCT T//
Figure 3.9
Aligned nucleotide sequences of the 3’ untranslated regions of human (GST2, 
GTH2, A25, A61a, A06, X7a), rat (RatYa, RatYc), and mouse (MusYa) genes. 
Dashes indicate padding inserted to assist in alignment.
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which were subcloned into M13 for sequence analysis. Sequence of exons 4, 6 and 
7 was obtained using custom primers (primers I, J, M, O, P and Q, section 2.8.3) 
and is presented in figure 3.10. Sequence of exons 3 and 5 was not obtained and 
hybridization analysis to test for their presence was not performed owing to time 
constraints. Hybridization analysis however did fail to confirm the presence of 
exons 1 and 2 in A2-5, as occured with A7b (and A5-3), which has a very similar 
restriction map. Interestingly though, A2-5 clearly retains an exon 6, whereas it is 
absent from A7b. Lambda 2-5 has 12% (24 bases) sequence divergence from A7b 
in the 196 bases of exon 7 shown in figure 3.2, but no base changes in exon 4 with 
respect to A7b. Lambda 2-5 has lost the HindUl site that occurs in exon 7 of A7b. 
As with A7b, A2-5 has a point deletion at position 262 of exon 4, so would appear to 
also be a pseudogene. The exon sequence obtained for A2-5 is relatively close to 
that of the GST2 cDNA with 94% conservation between the two, in exons 4, 6 and 
7, and when translated results in 6 amino acid substitutions. The splice junctions 
obtained for A2-5 obey the "GT-AG" rule and bear a good approximation to the 
consensus sequences of Shapiro and Senapathy, (1987) (figure 3.3).
In A2-5 the ochre stop codon of TAA is the same as that of GST2. 
However the polyadenylation signal of A2-5 is AATTAA, which with respect to the 
consensus signal of AATAAA, leads to an approximate 95% reduction in 
polyadenylation efficiency (Wickens, 1990).
3.4.6 A possible further alpha class pseudogene.
The restriction map of A3-3 is presented in figure 3.1. Lambda 3-3 
hybridized with the 3’, but not the 5’ subclone of pGST2 indicating that upstream 
regions of the putative alpha class gene were likely to be absent. A 2.2kb HindUl 
hybridizing fragment was subcioned into M13 for sequence analysis (primers A 
and Q, section 2.8.3) which revealed a portion of an exon 7, bisected by the HindUl 
site. However the HindUl site is not in the same location as those occurring in A6, 
and A5-3, but is 19 bases upstream of the site common to both the abovementioned
Figure 3.10
Nucleotide sequence of \ 2-5 with deduced amino acids also shown. Exon 
sequence is shown in upper case, intron sequence in lower case. The codons of 
exon 4 were artificially maintained in their translation reading frame. The dash 
indicates padding inserted to maintain exon 4 in reading frame. The translation of 
the exons is given above the DNA sequence and is shown in single letter code. 
Splice signals, the stop codon, and the polyadenylation signal are shown in bold 
letters.
LAMBDA 2-5
...aatttagtcattttcacaaccatttttcatcctgaaagagtgggattcatagtcatt
D G S L M F Q L  
tcactctccttttttttccttctttgtaaagAT GGG AGT TTG ATG TTC CAG CT
EXON 4
V S M V E I D R M K L Q T R
GTG TCA ATG GTT GAG ATT GAC AGG ATG AAG CTG -TG CAG ACC AG
A I L N Y I A S K Y N L Y G K
GCC ATT CTC AAC TAC ATT GCC AGC AAA TAC AAC CTC TAT GGG AA
D T K E R A L
GAC ACA AAG GAG AGA GCC CTgtatggtatagttt... •
EXON 6
V L K S H G Q D Y L V
.tctccagGTC TTA AAG AGC CAT GGA CAA GAC TAC CTT GTT
G N K L S R A D I H L V E L L
GGC AAC AAG CTG AGC CGG GCT GAC ATT CAC CTG GTG GAA CTT CTC
Y Y V E E L D S S L I S S F P
TAC TAC GTG GAA GAG CTT GAC TCT AGC CTT ATT TCC AGC TTC CCT
L L K
CTG CTG AAGgtgacccatttcacagtcttcagagaggcagacccacatctcccatct
A
tgggatcttgt.atct.ggggccct.gggactgagcatgttt..... 1.1 kb .... agGCC
EXON 7
L K T R I S N L P T V K K F L
CTG AAA ACC AGA ATC AGC AAC CTG CCC ACA GTG AAG AAG TTT CTA
Q P G S P R K P P M D E K S L
CAG CCT GGC AGC CCA AGG AAG CCT CCC ATG GAT GAG AAA TCT TTA
E E S A R K F R F stop
GAA GAA TCA AGG AAG ATT TTC AGG TTT TAA TAAAC CAG C CATAGAG GT C
AAGAACATGCAAGACCAGTATTCTAAAGTTTTGCAACAATTAAGTGCTTTACCT...
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clones. With respect to GST2, the new HindUl site is formed by the transition of a 
"C" to a T ,  changing the sequence from AAGCCT to AAGCTT. It appears that 
A3-3 contains only the extreme 3’ end of the alpha class gene of which exon 7 is a 
part (figures 3.1 and 3.11). No sequence for exon 6 was able to be obtained and it 
appears likely that in vivo the exon 6 of this gene lies outside the region of DNA 
encompassed by the A3-3 clone.
However there is some evidence to suggest that A3-3 represents a 
pseudogene as the acceptor splice site of exon 7 contains a "GG" instead of the 
regular "AG” splice signal (figure 3.3). Shapiro and Senapathy (1987) found only 4 
non-AG acceptor splice signals in a search of 3700 splice sites, all 4 of which were 
from immunoglobulin genes, so it is highly likely that A3-3 is a pseudogene.
Curiously, the sequence obtained of A3-3 (72 bases of exon 7 and 60 bases 
of intron 6) is virtually identical to the equivalent region of the previously 
described pseudogene, A6-la (section 3.3.2) with only one small region of change 
detected when comparing the A3-3 sequence with that of A6-la. The sequence 
"TAC", 40 bases from the end of intron 6 is changed in A3-3 to the sequence 
"CAGT' (figure 3.3). Lambda 6-lb also has the anomalous "GG" splice acceptor 
signal. However the respective restriction maps of the two clones are such as to 
completely exclude the possibility of there being an overlap between A3-3 and A6- 
lb (figure 3.1). The exon 7 of A3-3 straddles one end of a 2.2kb Hindlll fragment, 
whereas there is no equivalent-sized HindlR fragment about the exon 7 of A6-lb.
3.5 DISCUSSION
Seven AEMBL3A human genomic clones have been isolated by 
hybridization with a human alpha class GST cDNA probe (Board and Webb, 
1987), in order to allow determination of the molecular organisation of the human 
alpha class genes. The seven lambda clones contain 120 kilobases of the human 
genome, 90kb discounting overlaps, and contain regions of three previously 
undescribed alpha class genes, and regions of four previously undescribed alpha
LAMBDA 3 - 3
...tgtgttaatggtggtgtcagtccttggcttcactctgaggctgtgctttgtgca
EXON 7
A L K I R I S K L P T V K
K
ttgcggGCC CTG AAA ATC AGA ATC AGC AAA CTC CCC ACA GTG AAG 
AA
F L Q P G S L R K L  
G TTT TTG CAG CCT GGC AGC CTG AGG AAG CTT//
Figure 3.11
Nucleotide sequence of A3-3 with deduced amino acids also shown. Exon 
sequence is shown in upper case, intron sequence in lower case. The translation of 
the exons is given above the DNA sequence and is shown in single letter code. 
The splice signal is shown in bold letters. The double diagonal dashes indicate the 
limit of nucleotide sequence determination.
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class pseudogenes. Restriction maps of all seven genomic clones have been 
determined, which thus paved the way for detailed structural and sequence 
analysis, and the determination of any overlaps occurring amongst the clones.
At the outset of this study it was not known to what extent the human 
clones would share structural and sequence homology with the previously 
characterized rodent alpha class GST genes (Telakowski-Hopkins et cd., 1986; 
Daniel et cd., 1987), there being no knowledge of the human alpha class genes prior 
to this study. Accordingly the first of the human clones characterized in the 
present study were sequenced virtually completely through their exon/intron-like 
regions to allow a full determination of exon/intron structure, and nucleotide 
sequence. It became apparent that the human genes shared considerable 
structural and sequence organization with the homologous rodent genes, to the 
point of having identical exon lengths, and hence splice locations, in every case. 
Thus the human alpha class genes appear to extend over approximately 13kb and 
be composed of seven exons interrupted by six introns.
In the absence of any intronic features of novel or special interest, it was decided 
to pursue a more rapid approach to the characterization of the remainder of the 
genomic clones, that involved the sequence determination of the exons and their 
immediate boundary regions only. The change in strategy was adopted, in part to 
reduce the length of time involved in characterizing what transpired to be a large 
family of moderately long genes (approximately 13kb), and as well, to more 
efficiently utilize that time, to allow a more rapid determination of the salient 
features of the genomic material. A concomitant reduction in laboratory reagent 
use was also attained.
The changed strategy involved the use of a set of custom oligonucleotides 
that hybridized to one end of each exon on each nucleotide strand. The 
oligonucleotides could thus be used as primers to allow sequencing along each 
exon in both directions, out through the splice junctions and into the introns for a 
short distance. Some problems were encountered with the method where the exon
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sequence of a particular clone was diverged from that of the primer with which it 
was intended to hybridize. In many cases sequence data could be obtained by 
simply altering the sequence reaction conditions e.g. annealing temperatures were 
lowered and/or high salt annealing buffers were employed. On other occasions, 
fortuitous multiple priming of custom primers occurred yielding unusable 
sequence data. In such cases the reverse tactics were employed: high annealing 
temperatures and low salt annealing buffers. Occasionally, in an otherwise 
unresolvable situation, a replacement primer was made, usually based upon 
sequence obtained along the complementary strand revealing the variant exon 
sequence. The above strategy proved to be most successful and efficient in the 
subsequent characterization of the remaining gene family members isolated.
Using a variation of such a strategy it would not be difficult to determine 
the structure of an unknown gene, given only the cDNA sequence. One would 
begin by constructing custom oligonucleotides having the 17 or so bases of 
sequence at either end of the cDNA [poly(A) tail excluded]. These would allow 
determination of sequence along and out one end of the first and last exons, thus 
indicating the locations of the splice sites associated with those exons. That 
sequence information would enable the construction of further sets of custom 
primers that would a), allow sequence data to be obtained out along the 
neighbouring exons and b), allow the sequencing of the first and last exons back 
along the complementary strand. The process would be continued thus in one or 
both directions until the exon/intron structure was complete. The lengths of 
introns and thus the placement of exons accurately within a restriction map could 
be determined by PCR amplification of the introns (method described in section 
2.16.1) using the same custom primers utilized in exon sequence determinations. 
Thus the determination of the entire coding sequence of a gene could be rapidly 
completed, obviating the need for the often time-consuming, expensive and 
comparatively uninformative intron sequence determination (which of course 
could be obtained later if desired, the task now aided considerably by an already
54
determined, accurate structure of the gene). In the present study however, it was 
considered desirable to initially obtain some characterization of intron sequence, 
as well as the exon sequence data.
The clone A5-3 and the subsequently characterized and overlapping A7b 
clone are of particular interest, in that both isolates appear to be missing exon 6. 
All attempts to obtain data for an exon 6 from these clones was unsuccessful, and 
with \5-3 and A7b being independantly isolated and constructed A clones, it is most 
likely that the absence of exon six is not a library construction or screening 
artefact, but is the existing in vivo situation. With regard to the same clones, it is of 
interest also to note the absence of exons 1 and 2, common to both clones, and in 
the case of A7b there may not to be the space for an exon 1 given the established 
close proximity of A7a to exon 3 of A7b. Thus the pseudogene represented by 
lambda clones 5-3 and 7b appears to be in a considerably damaged condition in 
comparison with the states of the putatively operational human genes 
characterized in the present study, and the previously characterized rodent genes 
(Telakowski-Hopkins et ai, 1986; Daniel et al., 1987).
The pseudogene A2-5 is also apparently missing exons 1 and 2 despite 
there being isolated with A2-5, a considerable distance of DNA upstream of exon 3, 
within which exons 1 and 2 would be highly likely to reside if actually still a part of 
A2-5. Although interestingly, A2-5 retains an exon 6, in contrast to the situation 
with the A5-3/7b pseudogene. Thus the apparent in vivo absence of exons 1 and 2 
from the pseudogenes represented by the three independantly isolated and 
constructed AEMBL3A clones is indicative of the occurrence of a deletion 
mutation to a common evolutionary ancestor of the two present-day pseudogenes. 
The evolutionary relationships amongst the alpha class gene family members are 
discussed in more detail in chapter 5.
There has been speculation in the literature as to whether the two alpha 
class GST proteins characterized in the human liver are the products of two genes, 
or the post-translationally modified products of one gene (Board, 1981). The
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identification of two distinct liver-specific cDNAs, each apparently encoding one of 
the two proteins, constituted good evidence in support of the case for two distinct 
genes (Tu and Qian, 1986; Board and Webb, 1987; Rhoads et al., 1987). The 
results of the present study now add considerable weight to the argument for two 
genes, with the characterization of portions of two genes appearing to encode each 
of the predominant human liver alpha class GST variants. It was considered 
important to obtain the remaining regions of the two genes isolated (A6-lb and 
17a), however repeated attempts at isolating the missing portions using both PCR 
amplification of genomic DNA (method described in section 2.16.2) and multiple 
rounds of library screening ( AEMBL3A and cosmid) were unsuccessful. It is 
possible that the missing regions of the two genes were not represented in our 
genomic library. Ongoing work is being directed towards the PCR cloning of the 
missing regions.
Previous work has suggested the existence of up to 10 alpha class GST 
genes or pseudogenes in the human genome, clustered about a single small region 
of chromosome six (Board and Webb, 1987). Nevertheless, repeated subsequent 
screenings of an EMBL3A human genomic library failed to isolate further variant 
family members (beyond those described here), while several of the members 
characterized here were isolated on up to four occasions. Thus it is possible that 
the clones characterized in the present study may represent the complete range of 
existing alpha class GST family members.
Attempts were made in the present study, to isolate cosmid clones which 
would enable the construction of a large scale restriction map of the genomic area 
containing the alpha class genes. However despite repeated screening attempts, 
suitable cosmid clones were not isolated. Thus, apart from the two instances of 
head-to-tail alignment of genes (A6-la and b, and A7a and b), and the 
establishment of a single chromosomal location, details of the chromosomal 
arrangement of the members of the alpha class gene family remain to be 
determined. It is probable however, that the distances between family members
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will be small, given that in the two instances of tandemly arranged genes 
characterized in the present study, the separation distance was less than 2kb for 
A61a and b, and was less than 6kb in the case of Y7a and b.
There are expected to be 5-7 possible rat alpha class GST genes, according 
to data from genomic blots (Telakowski-Hopkins et al., 1986), and similarly with 
the mouse, a large family of alpha class GST genes is anticipated (Kasahara et al., 
1990). Even anticipating that many are pseudogenes, it nevertheless appears likely 
that in each species, in conjunction with the other classes of GST, a broad 
spectrum of GST enzymes are operational in the protection of the cell. Such a 
range of enzymes, and the associated wide range of substrate specificities are 
thought to confer a broad-based system of protection upon the cell (Mannervik, 
1985). Thus in conjunction with phase I enzymes and the other phase II enzymes, 
the cell possesses a comprehensive protection mechanism against the ongoing 
import (and perhaps endogenous production) of chemical toxins.
Chapter Four
Analysis of 5' Flanking 
and
3' Untranslated Regions
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CHAPTER 4 ANALYSIS OF 5’ AND 3’ UNTRANSLATED REGIONS 
4.1 INTRODUCTION
The cell is constantly under siege from an extraordinary variety of 
exogenous toxins, mutagens and carcinogens, yet it consistently maintains its 
integrity and homeostasis over considerable periods of time. To enable this the 
cell possesses a broad array of enzymes that protect against these potentially life- 
threatening chemicals. Such enzymes have attracted considerable research 
interest owing to their protective role in the metabolism of exogenous chemicals. 
Toxic chemicals can be both the cells problem and the cells solution in that they 
can damage the cell but they can also induce the same enzymes that lead to their 
own metabolic removal. Many are in effect anticarcinogens in that they 
coordinately induce a range of xenobiotic-metabolizing enzymes. These protective 
enzymes have been grouped into two types according to function, a) phase I 
enzymes (e.g., cytochromes P450) which functionalize compounds usually by 
oxidation or reduction, and b) phase II enzymes (e.g., glutathione S-transferases, 
UDP-glucuronosyltransferases, and quinone reductase) which conjugate 
functionalized compounds with endogenous ligands (e.g., glutathione, glucuronic 
acid) (Prochaska and Talalay, 1988).
A vast and diverse range of chemicals act as anticarcinogenic enzyme 
inducers, but they can be separated into two groups : a) bifunctional inducers: 
planar aromatics such as polycyclic aromatic hydrocarbons, flavinoids, TCDD, and 
azo dyes, that elevate levels of both phase I and phase II enzymes, and b) 
monofunctional inducers such as diphenols, thiocarbamates, diamines, 
aminophenols, and isothiocyanates, which all have in common an electrophilic 
centre (Talalay et a l 1988), and induce only the phase II enzymes.
Phase I enzymes activate many carcinogens to electrophiles, and hence can 
increase the risk to the cell from such xenobiotics, whereas phase II enzyme 
activity generally results in chemoprotection. Therefore an understanding of the 
regulatory inter-relationships between the two categories of enzyme is of vital
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importance to the development and application of effective strategies for 
chemoprotection.
The regulation of phase I and II enzymes by bifunctional inducers is 
considered to be quite well understood (Prochaska and Talalay, 1988). Planar 
aromatic compounds entering the cell nucleus are bound by the dioxin (also called 
Ah, for aiy\ hydrocarbon) receptor protein. The resultant complex binds to 
enhancer regions of the genes of phase I enzymes, thereby inducing transcription 
(Jones et al., 1985; Hankinson et al, 1985). Phase II enzyme induction by 
bifunctional inducers has been shown to be dependant upon the nuclear presence 
of the Ah receptor protein, so it has been assumed that phase II gene 
transcriptional control operates by the same mechanism as that regulating phase I 
genes. Recent work from the laboratory of Pickett (Rushmore et al, 1990) 
confirms the role of the Ah receptor in the regulation of a rat phase II gene.
Rushmore et al, (1990) have localized three regulatory regions in the 5’ 
flanking sequence of the rat alpha class GST gene. One, a xenobiotic response 
element (XRE) like sequence (Jones et al., 1986; Hapgood et al., 1989), is 
responsive to planar aromatic compounds and is Ah receptor dependent, but 
cytochrome P-450 independent. The others are Ah receptor and cytochrome P- 
450 independant, one, an HNF-1 recognition sequence (Courtois et al., 1988) is 
involved in basal level transcription, whilst the other, previously described element 
is responsive to monofunctional (electrophilic) inducers.
In contrast Friling et al. (1990) have examined the 5’ flanking sequence of a 
mouse alpha class GST gene and have only found evidence for a single cry- 
regulatory element, responsive only to electrophilic compounds (Friling et al 1990).
In this chapter the 5’ flanking sequence of a human alpha class GST gene is 
presented along with sequence alignments of the human 5’ flanking region with the 
two published homologous rodent sequences (Daniel et al., 1988; Rushmore et al., 
1990). The gene studied here, A6-lb has exons and 5’ flanking sequence that 
correspond exactly with those encoded by the GST2 cDNA clone isolated by Board
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and Webb (1987). As discussed in Chapter 3, this gene probably encodes the 
major liver alpha class GST isozyme, known as GST2 type 1. The entire 5’ 
flanking region (1.7kb) bounded by exon 7 of a closely linked pseudogene has been 
sequenced and analysed. Results of computer-assisted searches of the human 5’ 
flanking region for regions with sequence homology to published liver and GST- 
specific enhancer sequences are shown, along with an analysis of the significance 
and relevance of the apparent differences between the human, rat and mouse GST 
alpha class enhancer regions. Computer-generated alignments (matrix and direct 
sequence) between the human and rodent 5’ flanking regions are presented.
Also presented in this chapter is an analysis and discussion of the 3’ UTRs 
characterized in this study.
4.2 METHODS
4.2.1 DNA sequence alignments and signal searches
DNA sequence alignments were made using the computer package, 
ALIGN, written by D. Smith (Australian National University), which uses an 
iterative multiway method similar to that described by Feng and Doolittle (1987). 
Matrix alignments were made using the DNA analysis programmes of the 
Macvector package (IBI, Pustell and Kafatos, 1984).
Searches for putative regulatory signals were performed on an ASI "AT' 
personal computer using the programmes of Staden (1984) in Amersham/Staden 
software.
4.3 IDENTIFICATION OF PROMOTER AND ENHANCER ELEMENTS 
UPSTREAM OF A6-lb: A HUMAN ALPHA CLASS GST GENE
Computer assisted searches of both strands of the upstream region of the 
A6-lb gene were undertaken using the programmes of Staden (Staden, 1980, 1982, 
1984). Several putative promoter and enhancer elements were identified upstream 
of the A6-lb gene, exhibiting varying degrees of homology to published consensus
(but actually greater than 69% if the insertion/deletion event 
apparent in the matrix comparison (fig 4.2) is discounted.)
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sequences. Assignment of regulatory roles to putative signal sequences, based 
upon position and similarity to published sequences, must remain tentative in 
many cases in the absence of experimental support for the postulated control 
elements. Some of the better characterized signal elements, such as TATA boxes 
and polyadenylation signals, are less likely to be contentious, and assignment of 
roles for them can be made with less caution.
Sequence alignments and matrix comparisons between the human and
rodent homologous genes were performed (figures 4.1 and 4.2). The matrix
comparison between the two rodent 5’ flanking regions graphically illustrates the
extent of sequence conservation between the two regions, calculated to be 69.9%
• *
by the sequence alignment programme of PCGene (Intelligenetics^ In contrast is 
the rather surprising lack of sequence conservation between human and mouse, 
and human and rat (figures 4.1 and 4.2). Data for the human/rat matrix 
comparison is not shown as no points of similarity were registered under the matrix 
generation parameters used. The enlarged views of the two small regions of 
similarity registered by the matrix comparison between human and mouse are 
shown in figure 4.3. They appear to be without significance and are most likely 
fortuitous artefacts - background "noise" generated by the matrix programme.
The site of initiation of transcription of this gene has not yet been 
determined experimentally. However, with reference to the longest known human 
alpha class GST cDNA clone (Tu and Qian, 1986), and the experimentally 
determined transcription start sites in the rat and mouse alpha class genes 
(Telakowski-Hopkins et al., 1986; Daniel et al., 1987), it was predicted that the 
transcription start site in A6-lb is approximately 43 bp upstream of the 3’ end of 
exon 1. For the ease of orientation and comparison, this site has been used in the 
following discussions, and is designated "+1", but may require minor modification 
when a definitive experiment has been completed.
A TATA box, TATAAA, in perfect accord with the TATA consensus 
sequence (Breathnach and Chambon, 1981), was found beginning at position -19,
Figure 4.1.
Alignment of human (H = A61b), rat (R = RatYa), and mouse (M = MusYa) 5’ 
flanking regions generated by the computer package ALIGN (written by D. Smith, 
Australian National University). Dashes indicate the insertion of padding. 
Putative regulatory elements are underlined, with a double underline indicating an 
overlap of putative elements. Percentage values indicate similarity to previously 
described or consensus elements. The proposed transcription start site is shown in 
bold, and is designated " +1". Exon 1 is shown in upper case letters. Abbreviations 
are as follows: HSE, heat shock element; DRE, drug response element; XRE, 
xenobiotic response element; ARE, antioxidant response element; HNF1 RE, 
hepatocyte nuclear factor 1 response element; rev, reverse.
HSE 87%
H tagactatgtg----- gtttgtttgacttt-- ttcaagaattgtcctg -17 06
R aacac-atttgaaggaca-- cattaagtttttgttgcg-----ggctggM gaggc-a-gtgcagcccagaggatagagaggatgcagaggaaaaggatgg
H caacatttgtca----- aatggcc— tatcagaaagtcatgtata-gaa -1656
R agagatggctcagccgttaaaggctaggctcacaac— caaatatat-aa 
M agaggatgcagagaag— gagggccagctgaagaaa— catgagtgtgga
H — atttacttctga------------------cattc-tgcacaagaaaa -1606
R gtttttgttgcag------- gaaagtccagg-ag— ttgcaccaaagaa
M gtctggacttcagagaaaggctaaagtgcaggcaggcttgaagaacaggg
H ---- acagttatcattctggggaatggc----aaaatgaaat--------1556
R ctttgacatttgttagtttggtggtgggcacatgaca-- aatcaccaga
M cctccacat-- gaccacaggcaaatggcacagaacaggcaggcagctga
H -tttcttttttccttg-----------acatccattttatttctcat— g -1506
R ctgtccttctacactgcacacagggacacatg-- tccaacactaatggg
M gtg-----cttcctttcagggagggaca-atgca-ctcagctctaaggca
H aaaacactttttcttatg-cattttcaaacaac— ctttctgtctgctat -1456
R gagatggtc--- gcatgtcatcatg---- gcctctctctgtg— ctgc
M aaggcagtcctcagca-gtactcctgaatcagcc-cttgctgtgcactgt
H ggatcctg-cagttttgtaaggggtgaggaaatattgaagagcaaacaga -1406
R acacctggccag---------- ccgtgggaacttggaaccgagccct-gM agatct-cccagttgtct---- ctgctgggtcttggcattgctctctgg
H cccaccctctgctctcaggccaacttgtcatcccttacagtgcatgtgct -1356
R gaga--agtc— ttcactcagggctt-cagctca-------gggct-cc
M gaca--tctcctttcaccacgggtttccttccct-------cctctgcc
H cctggctcatcctcactctcctcaagg-ctctgtg— gggacccgggcat.-1306 
R aca— c-cgtctgcccagg-gagactgcctc— tgatggaggcagtgcag 
M ataggc-tgtcag-gctgt-gacaaggactctttcatg— agcagtgc-t
DRE 89%
H -gagcttccctcagttcgttcagtgccactcaggcctggctgcgaagata -1256 
R catgcacagagga— t-g— gagag— gaggagggccagctga-agg-aa 
M caaacacaactca— tcc— ctgtg— gctgagaccctg-tgc-tggtgc
H ca-gatggtatatgc— gaattacatataagtaactatatgcaaaattat -1206 
R catgaatgtaga-gcttgggtggcagagaaaggctaaagtgcaggcaggc 
M catg— tgtgta-ccttg----------------- aaatgcggaatggc
H tt— ttccctggtgtgtcattgtg-cca-gcgtgtttggattagaagtga.-1156 
R ttgaagaacagg-gactcaacgtgaccacaggcaaatggcacagactggg 
M t------- agg-ttgtcatc-tgttttta-gcaaagtgaa------ggg
HSE 75% HSE 75%H tttccag— gaatccttccctgcqtcttctagcttctqqq--- ggctct
R cacgcagcag-aggactttcttc— cttccag-- gtgggacaacacact
M c-ccttgaagaatgaaattc------ tatag--ct— gaataga-aat
HSE 75%
H tggctttctgq----actttcat-qqatcatqaccacatcac-tctaat
R cagctttggggcagcagcagtcctcagat-aaaaagaggccagccctgct 
M tagcagtgg------aca ttaagat-aaaaagaggccagccctgct
H ttctgcctctgtgttccagcacctcaccccctgtgtgttgtgtcttctct
R cactggcagggt-------- cgtcaggc---atgttgcgtq-catccct
M ctctggtagggt-atacag— ccttaggc--atgtgacagg-catctcg
XRE
ARE 51%
H tctctctqctqtqaqqacaattqtcattqqatttqqqqcctatccaqata
R gaggccagc--cagatcactagqtaat-qattaataaccaaqacccatq
M gaggccagc--cagatcatcaggtaat-gattaataaccaagacccatg
HNF1 RE
H taccaag— ■—  ----- atgatctcatctcaaattct-----tttacttc
R aaccgaccactgtaactaagatcaggactcagcatgtgg— gtgtgagtg 
M aaccaagga— ttaactaaaatcatgaatcagcttgtgggtgtgtgagtg
H attacatctgcaaagagcctttttccaaataaga— tcaagttc--ac-
R gagccatcggtgatga-ccttgttgtggataagagttctgggtctgaact 
M aggtcagcaagaatga-ccatgttgtggataagag— ccatgtctgaact
H --------aggatctagggatt-tctata-- tggacct-atctttct—
R tggcaggaaggatc-agtaattctcacgagcttggaaatggcattgctaa M tggcaggaaggatc-agtaattctcattagcttggaaatgacattgctaa HSE 75% ARE
H tgggggc--- caacataacccc--------ctacatgg---tatagg-t
R tggtgacaaagcaactttcgcacaggagaaactgcagggactcacaggct 
M tggtgacaaagcaactttcccacaggagtaactgcagggactcacaagct
H gaaataaga-tta------ tttg---caat-- tgatg— aatccagg-
R gcactgagacctagagcaggctggacagtgtgtgggatggtcatcc---
M gcactgagacctagagcaggctggacagaatgt-gtctggtcatccagga
XRE 86%
H tgatgaatactttcagatttgttat-- attatg-----ggcaatttgag
R -- agataagtgtgagttgtgaaattcctttctgcccttgggctc-----
M taaagttaagtgtgagctgtgtccctcctttctgccctctggctcttgag
rev XRE 86%
H ---- tgacgcaaag-aggatagcatatgcaaatagggtctctggatttg
R --- ttggataaaaacagga-- caaa-- gattaag----acagatacc
M ttttttgaatcaaagcggga-- caaa---gattaag----atggatatc
H tcagataaaatacaggatacccacctaaatgtgaat-ttcaga-taaacaR tc-gct— gctgtagg------atattagcatgcttcatcagacaaaaca
M at-gct--atggcaggattttaatattgacgtgcttcaccagagaaaacg
1106
1056
1006
-956
-906
-856
-806
-756
-706
-656
-606
-556
-506H ataaataatatttcagtataatctggtttcataccgtgtttggaacatag
R agcagggg----gctgtctaacctg---1------ atgttc— aacttag
M aggaggga----gcagtgtgacctg— tt------ gtgttt— gacttag
HSE 75% HNF1 RE 82%
H -ctataactaaaaaattgttgattgtttgcctgaaattca----cattta
R cctagaatttcgatacagtgcattaatt— ctgtagtttaagaccactta 
M tcttgaa-tttgagacaatgcattaatt— ctgcaatttagggctactta
H ------ cat---ggatgtcctatattttatttggcaacccagtaagaaaa
R acaagccatctctcaaatccaatagttta-atgtca--cagt--------
M acaagccatccctgaaatccaatagttca-atgtca--catt--------
rev DRE 100%
H cggtggcatcagcttgcccttcacagacat-cctc-----tcccagctat
R — gttacat-agctgagggttgcgagggttgactctggggtactatttat 
M — gttgcat-agctgagggttcccaaggttgactctgtggtattatttct
ARE?
H gctcacagtagagattt------ ttcagt— tgccctagtctttgc— ac
R gcttctagggcag-tttccctccttcc-------- 1— ttcttaaccacg
M gctcctagtgcagttttccctccttcctttcttccct— tcttagccaag
ARE?
H ccaactcatgaaa------ aaaagcatctttaaaaagccagtttctgctg
R gcgtctcattagagttactcacaggggcacg— gaag— ag----tggtg
M atgtctctttcaggttactcacaggatcatggagagg— ag----aggtg
H acttgcaaaaagagcaaaatctcggtgaa---atgtattgtgtaaacttt
R attt---agaggaccataagc---attaaaccaaggaatgcatgaa— tg
M actt---agaggcccataaac---atgacaccaagaacttcatgaa— tg
H gattgcca-acctt----gaaaaggaacacattaaccagtttcttctgat
R ga— tcaagctcttcacggaatggtagcgcctt-gtcagcccctcccccc 
M ga— gccagatcttca-ggaaaggtggtggctt-gtcagcccctcccgat
XRE 52%
H aagcagatcacttgcctcatgtctta-gaa— tccagta-ggtggcccct 
R agtttg-tcacctttcgagtctatcacgaaagtctggaatcttggactct 
M gatttg-gcacctttctagtctatcatgaaactctggaatcttggactct
CCAAT box?
H tggcatgaaatgtgtgggagtggcttttccctaacttgactcttctttca
R atgggtg tctgtgggaagggctgttcccta— ttg-gtccccacacc
M gtgtgtg tctgtgggaggggctgttcccta— ttt-gtccccacacc
CCAAT box? TATA box
H gtgggagagaactattgagagga-ac-aaag-agcttataaatacattag
R ctgggtaaga attgtcaccatattaaagtggcgtgcacactcctctg
M ct-ggtaaga attgtcaccttactaaagtagcgtgcacactcctctg
TATA box
+ 1
H gacctggaattcagttgtcgagcCAGGACGGTGACAGCGTTTAACAAAgt 
R gagctGGAGTTGGGAGCTGAGTGGAGAAGAAGCCACGACTCTCGCTAGgt 
M gagctGGACT-GGGAGCTGAGTGGAGAAGAAGCCACGACTCTCACTAGgt 
+1 Exon 1
-456
-406
-356
-306
-256
-206
-156
-106
-56
-6
Figure 4.2.
Matrix alignment of rat (RAT.300) and mouse (MUS.300), and mouse and 
human (L61.300) 5’ flanking regions generated by the DNA analysis programmes 
of the IBI Macvector package (Pustell and Kafatos, 1984), using a window of 30 
and a minimum matching score of 65%. Diagonal dashes indicate regions of 
similarity.
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Figure 4.3.
Matrix alignment of mouse (MUS.300) and human (L61.300) 5’ flanking regions 
generated by the DNA analysis programmes of the IBI Macvector package 
(Pustell and Kafatos, 1984), using a window of 30 and a minimum matching score 
of 65%. Diagonal dashes indicate regions of similarity. The aligned DNA 
sequences are shown along each axis. The numbers indicate distance from the 5’ 
end of the respective 5’ flanking regions.
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upstream of the proposed transcription start site (figure 4.4). The position of the 
TATA box relative to the likely mRNA start site is in agreement with the 
consensus positioning of TATA promoters from other genes (Breathnach and 
Chambon, 1981).
The pentanucleotide CCAAT is commonly found 50 to 100 base pairs 
upstream from the start site of eukaryote genes. Several studies have 
demonstrated the involvement of the CCAAT box in promoter function (reviewed 
in McKnight and Tjian, 1986; Jones et al., 1988). The CCAAT element may also 
be present on the complementary strand (Graves et al, 1986). There are no close 
matches to the consensus CCAAT sequence on either strand. Two sequences 
approximating the consensus are present upstream of the TATA box. The most 
proximal is CTAAT, beginning at -41 (figure 4.4). The other is CCCTAACT, 
beginning -74 bases upstream of the TATA box.
No potential SP1 binding sites (GGGCGG, McKnight and Tjian, 1986) 
were found in the 5’ flanking region of A6-lb. Such GC boxes can act as promoters 
in the absence of or in conjunction with a TATA box (Wieland et al., 1990). Also 
absent were sequences with homology to the Inr initiator element, present usually 
in the absence of a TATA box (Smale and Baltimore, 1989), thus the lack of Inr 
elements is not unexpected.
Interestingly, five possible copies of the heat-shock element (HSE; Bienz 
and Pelham, 1987) were found in a range of locations, with three arranged in a 
cluster, and two of those overlapping. Overlapping HSEs occur commonly in the 
5’ flanking regions of heat-shock genes (Bienz and Pelham, 1987). The most 
proximal HSE is located at position -448 designated mRNA start site, while the 
most distal is located at position -1495, upstream of the mRNA start site (figure 
4.4). The cluster of three HSEs are located in between the two abovementioned 
HSEs, at positions -990, -983 and -956 (figure 4.4). Heat-shock genes are 
transcriptionally activated in response to environmental stress, via the 14bp 
palindromic HSE. HSEs can operate as both TATA- proximal elements and as
Figure 4.4.
The 5’ flanking region (shown in lower case letters) and exon 1 (shown in upper 
case letters) of A61b. Putative regulatory elements are underlined with a double 
underline indicating an overlap of putative elements. Percentage values indicate 
similarity to previously described or consensus elements. The proposed 
transcription start site is designated "+1". Abbreviations are as follows: HSE, heat 
shock element; DRE, drug response element; XRE, xenobiotic response element; 
ARE, antioxidant response element; HNF1 RE, hepatocyte nuclear factor 1 
response element; rev, reverse.
tgtgaaatcagatttccaaactccccataaattttc -1556
ttggaattaaaaatttagtaaaaaagtaaaatgtagactatgtggtttgt -1506 
HSE 87%
ttqact.t:ttt:caaqaattqtcctqcaacatt:tqtcaaatqqcctatcaqa -14 56
aagtcatgtatagaaatttacttctgacattctgcacaagaaaaacagtt -1406
atcattctggggaatggcaaaatgaaattttcttttttccttgacatcca -1356
ttttatttctcatgaaaacactttttcttatgcattttcaaacaaccttt -1306
ctgtctgctatggatcctgcagttttgtaaggggtgaggaaatattgaag -1256
agcaaacagacccaccctctgctctcaggccaacttgtcatcccttacag -1206
tgcatgtgctcctggctcatcctcactctcctcaaggctctgtggggacc -1156
DRE 89%
cqqqcatqaqcttccctcaqttcqttcaqtqccactcaqgcctqqctqcq -110 6
aagatacagatggtatatgcgaattacatataagtaactatatgcaaaat -1056
tatttttccctggtgtgtcattgtgccagcgtgtttggattagaagtgat -1006
HSE 75% HSE 75%
ttccaqgaatccttccctqcqtcttctaqcttctqqqqqctcttqqcttt -956 
HSE 75%
ctqqactttcatgqatcatqaccacatcactctaatttctqcctctqtqt -906
tccagcacctcaccccctgtgtgttgtgtcttctcttctctctgctgtga -856 
ARE 51%
qqacaattgtcattqqatttqqqqcctatccaqatataccaaqatqatct -806 
catctcaaattcttttacttcattacatctgcaaagagcctttttccaaa -756 
taagatcaagttcacaggatctagggatttctatatggacctatctttct -706 
tgggggccaacataaccccctacatggtataggtgaaataagattatttg -656
caattqatqaatccaqqtqatqaatactttcaqatttqttatattatqqq -606
XRE 86% rev XRE 86%
caatttqagtqacqcaaaqaqqataqcatatqcaaataqqqtctctqqat -556
ttgtcagataaaatacaggatacccacctaaatgtgaatttcagataaac -506
aataaataatatttcagtataatctggtttcataccgtgtttggaacata -456 
HSE 75% HNF1 RE 82%
qctataactaaaaaattqttgattqtttqcctqaaattcacatttacatq -406
gatgtcctatattttatttggcaacccagtaagaaaacggtggcatcagc -356
rev DRE 100%
ttqcccttcacaqacatcct.ctcccaqctatqctcacaqtaqaqatt.ttt -3 06
ARE ?
caqttgccctaqtctttqcacccaactcatqaaaaaaaqcatctttaaaa -256
agccagtttctgctgacttgcaaaaagagcaaaatctcggtgaaatgtat -206
tqtqtaaactttgattqccaaccttqaaaaqqaacacattaaccaqtttc -156 
XRE 52%
ttctgataaqcaqatcacttqcctcatqtcttaqaatccaqtaqqtqqcc -106
CAAT box?
ccttggcatgaaatgtgtgggagtggcttttccctaacttgactcttctt -56
CAAT box? TATA box
tcaqtqgqaqaqaactattqaqaqqaacaaaqaqcttataaatacattaq
gacctGGAATTCAGTTGTCGAGCCAGGACGGTGACAGCGTTTAACAAAgt 
+1 Exon 1
-6
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upstream enhancers to confer heat (and stress) -inducibility on heterologous 
promoters (Bienz and Pelham, 1987). A consensus sequence for the HSE of 
CNNGAANNTTCNNG has been determined (Bienz and Pelham, 1987), All of 
the putative HSEs in A6-lb match the consensus at 6 out of 8 of the conserved 
positions, bar the most upstream HSE, which matches at 7 out of 8 positions. The 
presence of these HSEs implies that k6-lb, and perhaps other GSTs, are heat- 
shock genes. HSEs have not been reported in other GST genes characterized to 
date, however a computer-assisted search of the rat and mouse alpha class GST 
published sequences (Daniel et al., 1988; Rushmore et al., 1990) revealed one 
potential HSE, located 720 bases upstream of the mouse mRNA start site, and also 
a single putative HSE in the rat sequence aligned precisely with the mouse HSE 
(figure 4.4).
A consensus sequence for a putative drug responsive element (DRE) has 
been determined (G/CNT/GA/GGCTGGG; Sogowa et al., 1986), and has been 
shown to also be present in the murine homologue of A6-lb (Daniel et al., 1989). 
Examination of the 5’ flanking regions of k6-lb reveals two potential DREs, one 
on the complementary strand, a perfect match to the consensus at position -333, 
and the other matching the consensus at 9 out of 10 places, located at position - 
1115 (figure 4.4)
The hepatocyte nuclear factor 1 (HNF1) receptor sequence has been shown 
to be generally extremely well conserved across several mamalian species, and in a 
variety of liver-specific genes (Courtois et al., 1988). A consensus sequence of 
GTTAATNATTAAC has been proposed (Courtois et al., 1988). The consensus is 
a palindrome indicating that HNF1 might bind as a homodimer by the covalent 
association of its two 88kDa polypeptide chains (Courtois et al., 1988). Close 
approximations to the HNF1 consensus are found in rat and mouse alpha class 
GSTs (Rushmore et al., 1990; Daniel et al., 1988), both having 10 out of 12 bases 
matching the consensus sequence. The rat HNF1 sequence has recently been 
shown to be involved in basal level transcription of the rat alpha class GST gene
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(Rushmore et al., 1990). A single sequence in A6-lb, at position -438, upstream of 
the mRNA start site has a reasonable match to the HNF1 consensus (Abases out 
of 12; figure 4.4).
A well characterized enhancer sequence of the cytochrome P-450 genes is 
the xenobiotic response element (XRE; Jones et al., 1986; Hapgood et al., 1989). 
The enhancer core sequence of TNGCGTG is found in multiple copies in the 5’ 
flanking region of the cytochrome P-450 IA1 structural gene (Denison et al., 1988; 
Neuhold et al., 1989). An XRE-like region containing the XRE core sequence has 
been described in the rat alpha class gene, and with the use of GST 5’ flanking 
region-CAT gene constructs has been identified as the region responsible for 
responsiveness to induction by planar aromatics (Rushmore et al., 1990). A 
possible XRE in the mouse 5’ flanking sequence aligns with the rat equivalent 
region (figure 4.1), and has 79% homology to the 33 bases of rat XRE-effective 
sequence, but does not appear to confer to the mouse gene, any significant 
inducibility by planar aromatics (Friling et al., 1990). However the 6 bases of 
XRE-like core sequence in the mouse are poorly conserved, having only 3 bases 
out of 6 matching the XRE core sequence consensus (figure 4.1).
A region in A6-lb with homology to the XRE region in rat (Rushmore et al., 
1990), also contains two partially overlapping XRE core sequences within the 
broader XRE region (the 33 bases identified as important by Rushmore et al., 
1990). The two XRE core sequences are on opposite strands and with their one 
base overlap form an almost perfect palindrome (located at positions -610 and - 
601; figure 4.4). Palindromic sequences (dyad rotational symmetry) are believed 
to be important in the regulatory elements that bind di- or tetrameric proteins that 
have a "leucine zipper" motif (Graves et al., 1986; Hill et al., 1986) (In contrast to 
"helix-tum-helix" proteins which commonly form dimers that bind to recognition 
sequences having an inverted repeat; Johnson and McKnight, 1989)
The broader region outside of the two XRE core sequences has limited 
homology to the equivalent regions of rat and mouse, having only 18 bases out of
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the total 33 matching the rat element, and with the mouse, a match of only 15 
bases out of 33 (figure 4.4). The next most likely match to the rat 33 base XRE 
region was a weakly homologous sequence matching the rat in only 17 of the 33 
bases, and beginning only 180 bases upstream of the putative mRNA start site 
(figure 4.4). However within this region there exists no XRE core sequence 
homology so it is likely, given the apparent non-functionality of the much closer 
matching murine XRE-like region (Friling et al., 1990), that this sequence in A6-lb 
is also non-functional.
The selective inducibility of phase II, but not phase I genes by electrophiles 
(monofunctional inducers), implies the existence in phase II genes of some kind of 
electrophile response element or system, that is absent from phase I genes. 
Rushmore et al., (1990) have recently described such an element, designated the 
antioxidant response element (ARE). A near identical sequence (39 out of 41 
bases matching) in the homologous murine gene (alpha class GST) has also 
recently been described (Friling et al., 1990). Both laboratories investigated 
enhancer and promoter function using 5’ flanking region-CAT gene constructs, 
having successive deletions from the control regions, allowing determination of the 
sub-regions critical for gene induction by particular xenobiotic compounds. A 
computer-assisted search of both strands of the A6-lb 5’ flanking region found two 
weakly homologous putative AREs (beginning at -859 and -300 bases upstream of 
the proposed mRNA start site). The first matched the rat ARE (Rushmore et al., 
1990) in only 21 of 41 bases (figure 4.4). The second ARE-like sequence very 
weakly matches the first 30 bases of the rat ARE, but matches in 10 out of 11 bases 
at the 3’ end. Whether or not these sequences, or other as yet undetected 
sequences in A6-lb play any role in induction by electrophiles, is a question that 
cannot be definitively answered by a mere examination of the DNA sequence, but 
requires empirical data from studies of 5’ flanking region function. However it 
would be very surprising if the human liver alpha class GSTs were not electrophile
65
inducible. It should be noted that the pi class GST genes from rats and humans 
appear to be regulated by different mechanisms (Dixon et al., 1989)
4.4 IDENTIFICATION OF SIGNAL SEQUENCES IN THE 3’ UNTRANSLATED 
REGIONS OF A FAMILY OF ALPHA CLASS GST GENES
Each of the novel human alpha class genes and pseudogenes characterized 
in the present study contains two recognisable polyadenylation signals in the 3’ 
UTR (figure 4.5). Berget (1984) found that 30% of mRNAs included for study 
contained two copies of the AAUAAA signal. There does exist however, some 
variation from the consensus sequence of AATAAA reported by Proudfoot and 
Brownlee (1976). In all of the genes and pseudogenes described here, one of the 
two polyadenylation signals begins 57 bases after the translation stop codon, and 
for the sake of clarity will be designated signal A. The second signals, designated 
here as B, in some cases begin before, and in other cases begin after signal A. The 
A signals located 57 bases after the translation stop codon are as follows:
A6-la AATAAA
A06 AATAAA
A5-3 AATGAA
A2-5 AATTAA
A7a AATTAA
The translation stop codons comprise part of the B polyadenylation signal in 
three of the genes characterized: A06, A2-5, and A7a, and in each case is a 
consensus-matching AATAAA (figure 4.5). In A5-3 and A6-la the B 
polyadenylation signals, located in both cases a further 39 bases downstream of 
signal A, are also AATAAA (figures 3.4 and 3.5).
The polyadenylation signal has been established as a necessary but not 
sufficient signal to indicate to the RNA polymerase that transcription should
Figure 4.5.
Alignment of the 3’ UTRs of human (GST2, GTH2, A25, A61a, A06, A7a) genes. 
Dots indicate sequence identity. Putative polyadenylation signals and the GST2 
stop codon are underlined and shown in bold. The numbering is from the known 
5’ limit of exon 1 of GST2.
3’ UTR REGULATORY SIGNALS
720 Stop 740 760
GST2 CAAGGAAGATTTTCAGGTTTTAATAACGCAGTCATGGAGGCCAAGAACTT
GTH2 .................... AATAAAC ...C...A....T.......
A61a ...CA......... A .... G___ AA...G..... T........
A06 . C. . A ............... AATAAA___ C........ T.....
A53 .........C.....A.G...G.A..A.A..C...C.........C..
A2 5 .................... AATAAAC ... C ... A. ... T ......
A7a .................... AATAAAC ...C...A....T.......
780 800
GST2 GCAATACCAATGTTCTAAAGTTTTGCAACAATAAAGTACTTTACCT
GTH2 ....G....G.A................ AATTAA. . G.......
A61a .......... A .................AATAAAT . G.... T..
A06 ....G..... A ................ AATAAA. .G........
A 5 3 ....G....G.T......... C..... AATGAA. . G A •••••••
A25 ....G....G.A.................AATTAA..G........
A7a ___G....G.A................ AATTAA. .G........
66
terminate, and that polyadenylation should begin (usually polyadenylation begins 
about 15-20 bases downstream of the AATAAA signal; Wickens, 1990). It became 
apparent that there is a requirement for cis-acting factors other than AATAAA to 
facilitate termination, once it was observed that the polyadenylation sequence 
AATAAA occurs occasionally within the coding regions of genes, but without 
apparently causing termination (Manley, 1988). The second signal has been 
determined to be a "GT-rich" region usually occuring between 5 to 30 nucleotides 
downstream of the site of poly(A) addition. Other consensus signals have been 
proposed, but none is consistently found, and all are still essentially "GT-rich" 
sequences (Manley, 1988). Up to a third of all genes surveyed do not have a "GT- 
rich" region, but instead are likely to have a "T-rich" region (McLauchlan et cd., 
1985).
A "GT-rich" region, , is present in A7a, A6-la and A5-3 (for A06 and A2-5, 
insufficient sequence was obtained after the polyadenylation signal to encompass 
the "GT-rich" region) and is shown below beginning from 13 bases after the end of 
the A polyadenylation signal:
A7a GTGTTGaTTGTGccTGTTGTG
A6-la aTGTTGGTTGTGGcTaTTGTG
A5-3 GTGTTGaTTcTGaTTGTTGTG
In A06, A2-5, and A7a, there are smaller regions of "GT-rich" sequence 
beginning 7 bases downstream of signal B:
A06 TGGaGGcT..18 bases..TaTcT..3 bases..GTTTTG
A2-5 TAGAGGT...18 bases..GTaTT..5 bases..GTTTTG
A7a TAGAGGT...18 bases..GTaTT..5 bases..GTTTTG
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Immediately adjacent the 3’ end of A6-la and \5-3 is a "T-rich" region, and 
also in each pseudogene, a "GT-rich" region further downstream:
A6-la CT1T1T..5 bases..TTaTGTGcT
A5-3 GTTTT...5 bases..GTaTaTGcTaaTTTaGGTT
4.5 DISCUSSION
4.5.1 Control of transcription initiation in alpha class GSTs
Talalay and coworkers (Prochaska et al., 1985; De Long et al., 1987; Talalay 
et al., 1988) have proposed a model to explain the differential induction patterns of 
the two classes of inducers (monofunctional and bifunctional), which is rapidly 
gaining support through the experimental analysis of phase I and II enzyme 
transcription control (Denison et al., 1988; Neuhold et al., 1989; Rushmore et al., 
1990; Friling et al., 1990; Paulson et al., 1990). In this model regulation of phase I 
and II enzymes comprises three mechanisms. In mechanism A, monofunctional 
inducers induce phase II enzymes by means of an electrophilic signal, 
independently of Ah receptors or the induction of cytochrome P-450 genes. A l 
such inducers have in common an electrophilic olefin or related electron-deficient 
centre, and thus are Michael reaction acceptors (Talalay et al., 1988). In 
mechanism B, bifunctional inducers bind avidly to the protein product of the Ah 
(Aryl hydrocarbon) locus, and the ligand-Ah receptor complexes bind to enhancer 
regions of both phase I and II enzymes (hence the denotion of bifunctionality), 
resulting in enhanced transcription of cytochrome P-450 and phase II genes, and 
increased metabolism of aromatic hydrocarbons. In mechanism C, bifunctional 
inducers acquire an electrophilic centre by metabolic interaction with the phase I 
enzymes (induced by mechanism B), and as such become monofunctional inducers 
that elevate phase II enzymes by mechanism A.
In this chapter data has been presented showing the presence of a possible 
XRE regulatory sequence, and a somewhat less likely ARE-like sequence (along
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with other putative control elements, to be discussed later in this section). How 
might these elements operate in vivo, assuming that they are actually functional in 
vivo, and would their combined operation be accomodated by the model of Talalay 
and coworkers? (Prochaska et al., 1988). In analysing the human 5’ flanking region 
it is instructive to consider the recent results obtained for rodent alpha class 5’ 
flanking regions.
A predictable consequence of the model of Talalay and Prochaska is that 
bifunctional inducers will not induce phase I or II enzyme genes in cells lacking an 
Ah receptor. Yet the absence of an operational cytochrome P-450 enzyme should 
not affect the induction of phase II genes by bifunctional inducers. Both types of 
mutant cell lines are available and have been tested for their influence in the 
elevation of rat and mouse phase II enzyme levels (Telakowski-Hopkins et al., 
1988; Rushmore et al., 1990; Friling et al., 1990). The experimental work of the 
above laboratories utilized the two types of mutant cell lines. The first mutant cell 
type is defective in translocation of the Ah receptor to the nucleus (mouse- 
hepatoma Hepa lclc7 mutant BPrcl; Friling et al., 1990) and thus the Ah receptor 
can play no regulatory role in such cells. The other mutant cell type (cl, Friling et 
al., 1990) is defective in the production of an effective cytochrome P-450 protein.
Interestingly, the results obtained by the two laboratories, using the GST 
alpha class 5’ flanking regions of rat (Rushmore et al., 1990) and mouse (Friling et 
al., 1990) differ significantly from one another. The divergent results pertain to the 
postulated mechanism B, described above. As predicted by the Talalay model, 
when administered planar aromatics the rat 5’ flanking regions induced 
transcription when in cells having defective cytochrome P-450, yet did not operate 
when in the Ah defective cells (Rushmore et al., 1990). However when testing the 
mouse 5’ flanking region, Friling et al., (1990) measured only basal level 
transcription in both types of mutant cell line, contrary to the predictions of the 
Talalay model. Induction above basal level, according to the model, should have 
occurred in the cytochrome P-450 deficient cells. Thus it appears that there may
A possibility suggested by these results is that the human 6~lb is 
perhaps more closely related to the rodent Yc genes. The findings 
in the following chapter (chap. 5) lend further support to this 
contention. Unfortunately as no 5' untranslated regions of rodent 
genes have been sequenced, a comparison was not possible.
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not be Ah dependant induction of this mouse alpha class GST gene by planar 
aromatics (Friling et ai, 1990). Certainly that conclusion accords with the related 
finding of Friling, indicating that there exists only a single positive regulatory 
element in the mouse alpha class GST gene, responsive to xenobiotics. The 
induction of this mouse gene by planar aromatics in wild-type hepatocytes would 
presumably occur as a result of the prior conversion of the bifunctional inducers to 
electrophiles. So in the mouse, as opposed to the rat, the bifunctional inducers 
appear to be actually only indirectly bifunctional. As further support for the above 
thesis, are the sequence changes in the mouse XRE-like region with respect to the 
equivalent rat region. The two regions are in identical positions when the two 5’ 
flanking regions are aligned (figure 4.1), and are 79% identical. However 4 of the 
7 base changes in the mouse XRE-like region, occur in what might have been an 
XRE core sequence, but which is certainly not recognisable as such now. So it is 
not really surprising that the mouse alpha class GST gene lacks Ah receptor- 
mediated induction. This situation is perhaps more to be expected than that of the 
rat homologous gene, where planar aromatics do directly induce the phase II gene, 
since the non-electrophilic planar aromatics are not considered to be substrates of 
GST anyway (Mannervik and Danielson, 1988).
Surprisingly there is little sequence similarity between the human and 
mouse (47% identity; figures 4.1 and 4.2) and human and rodent (data not shown) 
alpha class GST 5’ flanking regions, as is evident when matrix and direct sequence 
alignments are compared, considering the relatively high degree of coding 
sequence conservation between the species (figure 3.2). Yet the two rodent alpha 
class GST 5’ flanking regions are 70% identical (figures 4.1 and 4.2).  ^The putative 
XRE and AREs in A6-lb are not located in the same relative positions in the 5’ 
flanking region as the rodent homologues, and as shown in section 4.3, have 
imperfect homology to the equivalent rodent regions. The 33 base XRE-like 
sequence in A6-lb has the best match of the putative A6-lb response elements to 
those of the rodent and also has within its 33 bases, two sequences that are good
It should be noted that the proposed 33 base XRE sequence of the 
rat and mouse is preliminary and is almost certainly larger than 
the minimum functional consensus sequence. Therefore a close 
approximation of the human sequence to this region is highly 
unlikely as selective pressure for the conservation of sequence 
would most likely extend only to shorter "core" sequences.
The AREs are closely conserved between rat and mouse and are o 
considerable length. Therefore it is likely that 6-lb is no 
regulated by the ARE element.
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approximations to the published XRE core sequence consensus (Denison et aL, 
1988), aligned so as to form a palindrome. Therefore it must be considered likely 
that this element in X6-lb is bone fide and that the A6-lb gene will prove to be 
inducible by planar aromatic-Ah receptor complexes. *
Neither of the two putative AREs in A6-lb closely match the ARE 
sequences of rat or mouse (figure 4.1), furthermore they have altered locations 
within the 5’ flanking region with respect to the rodent AREs. However whether it 
is the rodent or the human elements that have moved it is not possible to say. 
With respect to the relatively low sequence matching between the rodent and 
human AREs, it should be noted that the AREs of rat and mouse alpha class genes 
(Friling et al., 1990; Rushmore et al., 1990) are the only two described, therefore 
the extent of variation in these sequences tolerated by the proteins that bind them 
is unknown. Furthermore, it is possible that putative human AREs will more 
closely match a shorter defined rodent ARE consensus./ Figure 4.2 indicates the 
occurrence of at least two major insertion or deletion events in the rodent 5’ 
flanking regions in the time since their speciation. With respect to the rat 
sequence as numbered in the figure, either the region from base 0 to base 400, 
approximately, is an insertion, or else a deletion has occurred in the mouse in what 
would have been the equivalent region; also, again approximately, the region in 
the mouse between bases 270 and 600 is an insertion, or else a deletion has 
occurred in the rat in the equivalent region (figure 4.2). (Interestingly, the three 
way alignments of human and rodent 5’ flanking regions [shown in figure 4.1] do 
not show the above-mentioned mutations, yet when two-way alignments were 
performed on the same package [AlLIGN] [data not shown], the mutations were 
apparent). Thus it is probable that the relative locations of elements present today 
in the human and rodent 5’ flanking regions do not reflect upon their present 
regulatory significance. Furthermore it is well documented that alterations in 
enhancer position, and even orientation, need bear no significance as far as
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regulatory influence is concerned (Dynan and Tjian, 1985; Hesse et al., 1986; 
Kretsovali et al., 1987).
Bacterial repressor and activator proteins generally bind with high avidity 
and specificity to discrete and distinctly recognisable DNA motifs, whereas it is 
becoming increasingly apparent that eukaryotic regulatory proteins are not as 
simple and efficient as those of the prokaryotes (Johnson and McKnight, 1989). 
Eukaryotic regulatory proteins have been shown in several instances to bind to 
degenerate sequences - to bind with equal avidity to sites that bear minimal 
resemblance to one another. In addition a single ds-regulatory sequence may bind 
more than one protein, at different times, and in an increasing number of cases, 
regulation by an enhancer may involve the coordinate binding of two distinct 
proteins at the one time (Verdiere et al., 1986; Sakai et al., 1988; Johnson and 
McKnight, 1989). Therefore the relative lack of resemblance of the putative k6-lb 
enhancers to rodent enhancers of demonstrated functionality, does not preclude a 
regulatory role, equivalent to that described for the rodent genes.
Heat shock elements are found in multiple, often overlapping copies in the 
5’ flanking regions of all known heat shock genes (Bienz and Pelham, 1987). 
Nevertheless heat shock responsiveness and/or heat shock elements (HSEs) have 
not been described to date for any GST gene, in any species. However to date 
substantial regions of 5’ flanking region sequence have been published for only a 
few GST genes (< 6), yet a computer search of the mouse and rat alpha class 5’ 
flanking regions for potential HSEs did reveal one likely HSE, in each of the rat 
and mouse sequences, matching the consensus (Bienz and Pelham, 1987) in both 
cases in 6 out of 8 bases (located at position -852, figure 4.1). Furthermore, four 
putative HSEs were identified in the 5’ flanking region of A6-lb, three located in a 
cluster, with two of those having an overlap (figure 4.1). Despite the absence of 
direct evidence that transcription of A6-lb is induced by heat shock, the 
identification of putative HSEs is suggestive of a role for the A6-lb GST gene in 
the stress response. It is perhaps not unexpected that a toxicity-cleanup gene
The proposed elements exhibit some deviation from the previously 
proposed consensus sequences (e.g. Amin et al., 1987). Amin et al. 
(1988) in an interspecies comparison of HSEs, noted many deviations 
from the consensus in fully active elements, including elements 
from human, chicken, and fruit fly. The sequences of 6-lb under 
consideration are possibly bona, fide HSEs, but more cannot be 
concluded without empirical studies, or more rigorous consensus 
determination.
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should be involved in the response to cellular stress, particularly heat shock, as one 
might expect that in elevated temperatures generation of reactive molecular 
species, e.g. free radicals, electrophiles and lipid peroxides may be increased, 
therefore the elevation of GST levels in a time of stress is likely to be of advantage 
to the cell. *
The hepatocyte nuclear factor 1 is known to interact with promoter regions 
of many liver-specific genes, including albumin, a-fetoprotein, and transthyretin, 
and has been postulated as one factor necessary for establishing the liver 
phenotype (Courtois et al., 1988). Tissue-specific expression of families of hepatic 
genes may be achieved through the use of a limited number of DNA-binding 
proteins, and HNF1 has been suggested as one such regulatory protein (Courtois et 
al., 1988). The presence of HNF1 has been correlated with the differentiation 
state of the hepatocyte; the HNF1 protein disappears upon dedifferentiation of 
rat hepatocytes, and is replaced by a smaller protein with very similar sequence 
specificity. Thus HNF1 may be a regulator of the differentiated hepatocyte state 
in the rat (Courtois et al., 1988).
An HNF1 recognition sequence, closely matching the consensus (Courtois 
et al., 1988) has been shown to be involved in basal level transcription of the rat 
alpha class GST gene (Rushmore et al., 1990). Computer assisted searches of the 
mouse (Daniel et al., 1988) and human 5’ flanking regions has revealed likenesses 
to the consensus HNF1 recognition sequence in each gene (figure 4.1). However, 
evidence for the operation of such a sequence in the mouse was not detected in the 
study of Friling et al. (1990). Nevertheless, an examination of the 5’ flanking 
region subclones used in the CAT gene constructs by Friling, reveals that the 
choice of UTR deletions used, was such as to preclude demonstration of the 
presence of a basal level promoter in the region in which the putative HNF1 
recognition sequence is located. Thus it is entirely probable that the HNF1 
recognition sequence detected in the mouse alpha class GST 5’ flanking region in 
this study is operational. The match to the consensus of the human putative HNF1
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recognition sequence is 9 out of 12 bases, so it must also be considered likely that 
the A6-lb gene is in part, HNF1 regulated.
Sogawa et al. (1986) have determined a consensus sequence for an enhancer 
element, designated a drug response element (DRE), found in multiple copies in 
the 5’ flanking region of the rat cytochrome P-450c gene. Eleven copies of the 
DRE were detected in the rat gene, in both orientations and as far as 3.4kb 
upstream, and were found to strongly enhance the transcription of whichever gene 
was joined downstream to them (Sogawa et al., 1986). Several DRE motifs have 
been detected in the mouse alpha class GST 5’ flanking region (Daniel et al., 
1989), but their role was not further delineated in the 1989 or in the subsequent 
1990 publication (Friling et al., 1990). Therefore the status of DREs in GSTs 
remains one of conjecture. Nevertheless, in support of a role for DREs in GSTs is 
the existence of two DRE motifs in the 5’ flanking region of k6-lb (figure 4.1). 
One of these, located on the complementary strand, is a perfect match to the 
consensus sequence; the other matches the consensus at 9 out of 10 positions. The 
mechanism by which DREs contribute to an elevation of transcription is not as yet 
understood, however it is not unexpected to find such elements potentially 
involved in the control of GSTs. They perhaps represent a subtle further level of 
drug-responsiveness in the GSTs in addition to the existing postulated controlling 
elements.
The TATA box is not universally present as part of eukaryote promoters, 
occasional instances of TATA-less promoters have been documented ( Dynan and 
Tjian, 1985; Smale and Baltimore, 1989; Schmidt et al., 1989), but such cases are 
very much the exception rather than the rule (Muller et al., 1988), and other 
elements appear to operate in lieu of the absent TATA, box (Spl promoters, Inr 
elements; discussed in Smale and Baltimore, 1989) A TATA box is present in \6- 
lb and accords with the consensus TATA sequence and location, being located at 
position -19, upstream from the anticipated mRNA start site (figure 4.1) Recent 
work has indicated that the TATA box may play the role of a polarizing element
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which can divert polymerase from sterile transcription from an adjacent cluster of 
upstream binding factors (Wieland et cd., 1990). The TATA box polarizing effect 
may be effective only over relatively short distances, but the enhancer/promoter 
interactions may facilitate a similar diversion over long distances (Wieland et cd., 
1990). Wieland et cd. (1990) speculate that the polymerase would first accumulate 
at the enhancer location and initiate scattered and sterile transcription. A nearby 
TATA element would act as a second-order polarizing element, preventing 
dispersal of the polymerase attracted by the enhancer (Schatt et cd., 1990). 
Wieland et cd. (1990) speculate that diffusion distances may not be large, for 
example 2kb of DNA packed as chromatin represents about 50-100nm in distance, 
which is only a few times the diameter of a large enzyme such as the RNA 
polymerase II holoenzyme. Recent evidence indicates that polymerase diffusion is 
not likely to be exclusively monodimensional (i.e. along the DNA fibre) (Muller et 
al., 1989). However transcriptional activation of genes is typically associated with 
a relative absence of nucleosome packaging (Levy and Noll, 1981), but the model 
is nevertheless attractive and is essentially a refinement of previous models, 
potentially accomodating both the scanning (Moreau et al., 1981) and the looping 
models (Serfling et cd., 1985).
A second conserved promoter sequence, less essential and more frequently 
absent than the TATA box (Atchison, 1988) is the so-called CCAAT box 
(Consensus sequence GGYCAATCT, Benoist et cd., 1980). A variety of studies 
have demonstrated the involvement of CCAAT elements in promoter function 
(reviewed in McKnight and Tjian, 1986) The CCAAT element is interesting in 
that it has demonstrated protein-binding promiscuity; there appear to be many 
different CCAAT-binding proteins (Johnson and McKnight, 1989). Each factor is 
thought to bind to a particular subset of CCAAT boxes, and these specificities 
form partially overlapping sets. Furthermore the CCAAT boxes often exhibit 
heterodimeric protein binding - binding activity can be dependant upon the 
facilitative binding of two different proteins (Chodosh et al., 1988). A weakly
*
A second or alternative possible CCAAT box (CTAACT) is located 
further upstream (-62). Neither box has a close match to the 
consensus of Benoist et al. (1980). Subsequent studies however have 
demonstrated substantial transcriptional efficiency in various 
CCAAT elements having single point mutations at any one of the five 
bases of the core consensus (Graves et al., 1986, Cell. 44.565- 
576). In addition Chodosh et al.(1988, Cell. 53. 11-24) present 19 
CCAAT consensus sequences complete with flanking regions. The 
flanking sequences exhibit little or no fixed consensus sequence 
beyond the core pentanucleotide sequence. The CCAAT box flanking 
sequences have a demonstrated role in conferring specificity for 
one or more of the many CCAAT box binding proteins but the 
important point here is that the efficacy of a putative CCAAT box 
cannot be judged from flanking sequence data alone, but requires 
experimental analysis. Both possible CCAAT box sequences of 6-1 
have two out of five base mismatches to the consensus. Whether 
these mismatches constitute point mutations or insertions is not 
clear. Whilst not ruling out the possibility that one or other 
putative CCAAT boxes is functional, there remains the possibility 
that neither is operational. If indeed they are non-functional then 
given the absence of Spl sites, it would be possible that 6-1 is 
not actively transcribed.
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conserved CCAAT box, CTATT, is present in A6-lb (figure 4.1), at the appropriate 
distance (commonly 50-100 bases; Johnson and McKnight, 1989) from the TATA 
box and anticipated mRNA start site. However it is not possible from sequence 
data alone to determine the significance and importance of such a sequence to A6- 
lb. Certainly, the presence of an active CCAAT box allows the gene an additional 
mode of regulatory control. Theoretically each of a number of CCAAT and 
TATA box binding proteins could facilitate transcription in a different but not 
mutually exclusive set of genes, thereby allowing a greater degree of flexibility and 
subtlety of control than may be possible in the more rigidly defined prokaryote 
promoter/promoter-binding protein interactions.
*
4.5.2 Comparison and analysis of the 3’ untranslated regions of a family of alpha 
class GSTs
The vast majority of eukaryote mRNAs end with a homopolymer of 
between 20 and 250 adenosine nucleotides. The poly(A) tail, which is 
progressively shortened upon entering the cytoplasm, is thought to stimulate 
translation and confer stability to the mRNA (Proudfoot, 1989). In discussing 3’ 
mRNA processing and termination of transcription it should be realized that three 
distinct processes are involved: 1) Cleavage of the nascent transcript to release the 
mRNA sequence, 2) Polyadenylation of the mRNA transcript, and 3) Termination 
of polymerase activity. The process of polyadenylation has been very difficult to 
dissociate from the cleavage reaction, which occurrs immediately prior to 
polyadenylation (Wickens, 1990) (cleavage involves the breaking of a 
phosphodiester bond in the precursor mRNA). It has not been possible to isolate 
cleaved transcripts before polyadenylation has begun as the two processes are 
tightly coupled in vivo, however experiments carried out in vitro have allowed some 
differentiation of the two processes and the signals affecting each (Manley, 1988).
If RNA polymerase II is not to continue meandering indefinitely along a 
chromosome, then there is a need for some type of signal or mechanism to
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facilitate the termination of transcription, once the necessary regions of a gene are 
transcribed. The polyadenylation consensus termination signal "AATAAA" has 
been shown to be a necessary but not sufficient part of transcription termination, 
mRNA polyadenylation and cleavage (Proudfoot and Brownlee, 1976; Manley, 
1988; Wickens, 1990). The AATAAA motif is highly conserved in all eukaryote 
genes studied to date, the only significant variation being the sequence "ATTAAA" 
(12% occurrence, Wickens, 1990). However, the efficiency of polyadenylation, and 
termination of transcription have been shown to be markedly reduced when 
variants to the AATAAA consensus are used, less so for the ATTAAA variant (a 
20% reduction in polyadenylation efficiency), but all other variants suffer at least a 
65% reduction in polyadenylation efficiency (Wickens, 1990). Extensive 
transcriptional run-on is also a feature of genes having a non-AATAAA 
polyadenylation signal, involving many kilobases of unnecessary transcription, 
where the RNA polymerase is apparently free to wander through great stretches of 
the genome (Proudfoot, 1989). Such wandering is thought to occur to a certain 
extent in eukaryotes anyway, as a consequence of eukaryotes often having large 
gaps between adjacent genes, however wastage is clearly reduced by efficient 
termination (Proudfoot, 1989).
The mechanism of termination is still poorly understood, however several 
models have been proposed to account for the observed phenomena. Each must 
account for the considerable heterogeneity of actual termination sites - 
termination occurs heterogeneously over a kilobase or so beyond the 
polyadenylation signal. In one model, the release of the polymerase is facilitated 
by the poly(A) signal-mediated release of a specific elongation factor (Logan et al., 
1987). In another model, cleavage of the mRNA allows degradation from the 5’ 
end of the still growing transcript to occur, and destabilization of polymerase 
binding is caused as the degrading free end catches up with the polymerase 
(Proudfoot, 1989).
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An additional signal, a "GT-rich" region has been shown to be necessary 
also, for both cleavage of the growing transcript and for polyadenylation (Manley, 
1988). This second signal is usually located 5 to 30 bases downstream of the 
polyadenylation signal and is much less conserved than the AATAAA motif, at 
times being merely a "T-rich" region (Manley, 1988).
An as yet poorly characterized specificity factor of 250-300kDa is thought to 
be instrumental in mRNA cleavage and subsequent polyadenylation, and may 
recognise and bind to either or both of the 3’ signals (Zarkower and Wickens, 
1987).
Each gene and pseudogene characterized in the present study has two 
potentially usable AATAAA-type signals. It is arguable that of the AATAAA-type 
motifs present in lambdas 6-lb, 5-3, 2-5, 7-la, and 06, that the ones designated 
signal A (section 4.4) were of original importance, and that the B signals are 
fortuitous subsequent additions, that in some cases may have become the primary 
signals (especially where the A signal is altered to a non-AATAAA form). The 
first piece of evidence in support of such a contention is the aligned location of the 
A signals - all are located exactly 57 bases after the translation stop codon (figure 
4.5). Secondly, in every case the A signal is followed by a "stronger" "GT-rich" 
region than follows the B signal.
The A7a gene is the only putative bone fide gene characterized in the present 
study, possessing an A signal that does not match the AATAAA consensus. 
Perhaps its B signal operates efficiently, or alternatively, the B signal may be 
fortuitous and non-operative, and the reduced termination efficiency is a retained 
advantageous feature that permitted facilitated read-through transcription of what 
is now an inactive downstream pseudogene, but which may in the past have been 
an active gene. In contrast, the A6-la pseudogene has two AATAAA motifs, both 
supported by "GT-rich" regions, each of which potentially forms an effective brake 
to transcription, yet A6-lb located immediately downstream of A6-la, is an 
apparently active gene which appears to encode the predominant liver alpha class
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GST transcript. Here an interesting point of speculation is to what extent A6-la, 
and pseudogenes in general, are transcribed, producing RNA that is evidently 
useless and energetically wasteful. Presumably an alteration in reading frame, or 
mutated splice signal is of no consequence to an RNA polymerase which may 
blithely continue to transcribe the pseudogene until such time as the selectively 
unconstrained mutation of the pseudogene renders its control elements inactive. 
Such non-viable transcripts may also be capped and receive 3’ processing, and 
conceivably be translated into mutant proteins, until such a time as the signal 
sequences triggering those events also mutate into regulatory anonymity (maybe 
old genes don’t die, they just fade away!).
Chapter Five
Evolution of the Human and Rodent 
Alpha Class
Glutathione S-Transferase
Genes
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CHAPTER 5 EVOLUTION OF THE HUMAN AND RODENT ALPHA CLASS
GST GENES
5.1 INTRODUCTION
The glutathione S-transferases are characterized by a high multiplicity of 
isozymes, a feature that may be essential for their multiple roles in xenobiotic 
metabolism, drug biotransformation, and protection against peroxidative damage. 
The multiplicity of isozymes also makes the GSTs a particularly interesting group 
of enzymes for evolutionary investigation.
The GSTs characterized to date can mostly be placed within three classes 
(alpha, mu and pi) that are conserved across the mammalian species investigated 
to date, and are assumed to have arisen by divergent evolution from a common 
ancestral structure (Mannervik and Danielson, 1988). A prominant finding has 
been that interclass differences within one species are greater than the differences 
between members of a single class across species (Mannervik, 1985), indicating 
that the class divisions predate the radiation of mammalian species.
In the present study sequence data indicating the existence of at least 7 
human alpha class GST genes has been presented. That data, along with complete 
coding sequences, and 5’ and 3’ UTR sequence, from rat and mouse homologous 
genes, has enabled, for the first time, a study of the evolutionary relatedness of the 
alpha class GST genes to be undertaken.
5.2 METHODS
The rodent nucleotide sequences used in the comparisons were obtained 
directly from the appropriate references. DNA sequence alignments were made 
using the computer package, ALIGN, written by D. Smith (Australian National 
University), which uses an iterative multiway method similar to that described by 
Feng and Doolittle (1987). The NALIGN programme of PCGENE was also used 
for DNA alignments (Myers and Miller, 1988).
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Genic cladograms were constructed using the DNAPENNY algorithm from 
J. Felsenstein’s (University of Washington, Seattle) phylogenetic reconstruction 
package PHYLIP (version 3.0), identifying the most parsimonious trees. The 
reliability of branching order estimates was determined by the bootstrap method 
(Felsenstein, 1985), using the DNABOOT algorithm of PHYLIP. This method 
involves the repeated resampling with replacement of the nucleotide positions of 
the aligned DNA sequences to construct a new and random order, whilst 
maintaining the alignment of nucleotides between sequences. This process is 
refered to as bootstrap sampling, and is followed by a calculation of the frequency 
of reappearance of the original tree structure, which is the value presented at each 
branch point of the cladograms, and which approximates a confidence interval for 
the branch point.
The rates of synonymous and nonsynonymous substitutions between coding 
regions of genes were estimated by the method of Li et al. (1985).
Matrix alignments and hydropathy plots were made using the DNA and 
protein analysis programmes of the Macvector package (IBI) (Pustell and Kafatos, 
1984).
5.3 RESULTS
5.3.1 Comparison of the structure of human, rat and mouse alpha class GST genes
The human alpha class GST genes characterized in the present study appear 
to have the same seven exon, six intron structure found in the homologous rodent 
genes. However in the absence of complete gene structures for the human genes a 
degree of uncertainty must remain. Furthermore it is apparent that the 
pseudogenes A5-3 and A2-5 may be missing exons: exons 1, 2 and 6 in the case of 
A5-3, and exons 1 and 2 from A2-5 (discussed in more detail in chapter 3). But 
given the otherwise conserved alpha class gene structure, those omissions are likely 
to be the result of deletion mutations, from genes originally of the 7 exon structure. 
Also as discussed earlier (chapter 3, section 3.4.3), exon 1 of A06 was not detected,
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but it is possible that the omission is due to an incomplete X06 gene having been 
cloned into the EMBL3A library clone during library construction. Nevertheless, 
despite the lack of complete genes characterized, there is a marked consistency 
between the different human genes and pseudogenes and the rodent genes with 
respect to exon lengths and exon splice junction locations. Even intron lengths 
appear relatively conserved between genes and species, with the human gene in 
total appearing to be approximately 13kb whilst the rodent genes are a little 
shorter at approximately llkb (figure 5.1).
5.3.2 Comparison of the nucleotide sequence of human, rat and mouse alpha class 
GST genes
The coding regions of GST2 and GTH2 both consist of 666 nucleotides, and 
the proposed mRNA of k06 is of an equal length. The rat Ya mRNA is also 666 
nucleotides, whereas that of the mouse is 669, whilst the rat Yc mRNA is 663 
nucleotides. Apart from the stop codon heterogeneity, the alpha class genes all 
appear to encode equal length mRNAs (figure 3.2). Alignments of all of the 
coding sequences determined in the present study, as well as those of the knowm 
rodent genes are presented in figure 3.2 (the rat Yc cDNA is included, although 
the rat Yc gene remains uncharacterized; the exon splice points have been 
assumed to be conserved with respect to the rat and mouse Ya gene structure). 
The substitution rates for synonymous and nonsynonymous sites are presented in 
table 5.1. It can be seen that considerable sequence similarity exists, particularly 
amongst the human genes, and between the rat and mouse Ya genes. However 
human/rodent alignments were only marginally significant, as estimated by the 
ALIGN package (section 5.2). The introns (figure 3.3) 5’ flanking regions (figures 
4.1 and 4.2), and 3’ UTRs (figure 3.9) are considerably more diverged, to the 
extent that exon 1 shows no recognisable relatedness between human and rodent 
species, although there remains an 84% similarity between the human exon 1 
sequences of GTH2 and A6-lb. Again with the untranslated region of exon 2,
Figure 5.1.
Exon-intron structures of human (A06), rat, and mouse alpha class GST genes. 
Exon 1 was not determined for A06, however an hypothetical exon 1 is shown, 
based upon the calculated length of intron 1 of A61 (shown in figure 3.1).
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there is little between- species relatedness, whilst the respective human exon 2 
UTRs are clearly closely related.
5.3.3 Pairwise matrix alignments of the 5’ flanking regions of human, rat and 
mouse alpha class GST genes
The pairwise matrix comparisons of human vs mouse and rat vs mouse 5’ 
flanking regions are shown in figure 4.2. The human/rat comparison was also 
performed, however under the matrix alignment conditions used (window size of 
30; min score of 65%; hash value of 6; ) no alignments were detected; whereas 
using the same matrix parameters two small, albeit apparently nonsignificant 
matches were found in the human/mouse comparison (figure 4.3). The matrix plot 
of the rat/mouse alignment suggests the past occurrence of major deletion and/or 
insertional events. Two regions of approximately 400 bases of non-alignment 
between the rodent 5’ flanking regions are evident, and each may have originated 
by one of two mutational events: either a 400 base pair (approximately) deletion 
from one gene, or an insertion of the same size in the other gene. It is of interest 
that the above two mutational events were not evident in the alignments 
performed by the ALIGN three-way and NALIGN two-way programmes, yet were 
clearly evident in two-way alignments performed by the ALIGN programme (data 
not shown).
5.3.4 Comparison of the deduced amino acid sequences encoded by the human, rat 
and mouse alpha class GST genes
The complete derived amino acid sequences of the human, rat and mouse 
alpha class GST genes are compared in figure 3.7. In aligning the protein 
sequences, it was not neccessary to introduce any gaps, as the protein products of 
the human and rodent genes are of the same length and structure, except for the 
previously described stop codon heterogeneity of rat Yc and mouse Ya genes.
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Hydropathy profiles of the 7 complete deduced amino acid sequences from 
human and rodent were calculated from 10 residue segments using the method of 
Kvte and Doolittle (1982). The rat Yk protein sequence has been included also 
(Jensson et al., 1986). Comparison of the plots (figure 5.2) reveals a marked 
conservation in the size and number of hydrophilic and hydrophobic regions 
between the 7 proteins, indicative of a conservation of protein tertiary structure 
within and across species. The first 10 residues in the rodents are noticably less 
hydrophilic than the equivalent human regions, other differences between the 
proteins however are very minor.
5.3.5 Phylogeny of the human and rodent alpha class GST genes 
5.3.5.1 Phylogeny based upon six complete coding regions
The entire coding region sequences of six alpha class GST genes were 
available for analysis: A06 (determined in the present study); GST2 (Board and 
Webb, 1987); GTH2 (Rhoads et al., 1987); rat Ya (Telakowski-Hopkins et al., 
1986); rat Yc (Tu et al., 1984), and mouse Ya (Daniel et al., 1987). The above 
genes all share identical length coding regions that remain naturally aligned with 
respect to codon positioning and exon boundaries (rat Yc gene structure remains 
undetermined however) with the exception of the stop codons of rat Yc and mouse 
Ya which respectively are three bases upstream and downstream of those of the 
remaining genes listed above (figure 3.2). A single most parsimonious cladogram 
of the above genes was determined (figure 5.3A). Owing to the nonavailability of 
a suitable outgroup gene, the tree remains unrooted. The percentage of bootstrap 
samples (based on 100 bootstraps) that result in the various pairings and 
clusterings of genes are shown at the branches of the tree. As bootstraps give, in 
effect, confidence intervals, it can be seen that the branching order reliability is 
high, with only a single branch position being selected by the DNABOOT package 
on less than 100% of bootstraps (95% for the branching of A06 from GST2 and 
GTH2).
Figure 5.2
Hydropathy profiles of the deduced protein sequences of human (GST2, GTH2, 
A06), mouse, and rat alpha class GST genes. The values for each position were 
calculated over an interval of 9 amino acids using the parameters of Kyte and 
Doolittle (1982). The x and y axes denote the amino acid residue number and 
relative hydrophobicity respectively. Hydrophobic regions of the proteins are 
above the x axis in each of the graphs.
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Figure 5.3.
Single most parsimonious cladograms of human (A61a, A06, A53, A25), rat (RatYa, 
RatYc), and mouse (MouseYa) alpha class GST genes and pseudogenes. The 
trees are unrooted. Horizontal branch lengths are drawn in proportion to the 
number of substitutions occurring along the branches. The numbers shown at each 
branch are the percentage of bootstraps for which the clustering of the genes 
above that branch in the tree occurred, based upon 100 bootstraps. The 
cladograms are based upon either: A, entire protein encoding regions or B, 3’ 
untranslated regions.
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The newly determined coding sequence of A06 appears as an outlier with 
respect to GST2 and GTH2, which cluster together. The A06 coding sequence 
appears to have diverged at a greater rate than have either of GST2 or GTH2. As 
anticipated, the rodent genes cluster together. The two rodent Ya genes are 
evidently closely related, but are considerably diverged from the rat Yc gene. The 
formation of the rodent Ya and Yc subclasses appears to predate the 
establishment of the two rodent species, given the close relatedness of the two 
rodent Ya genes with respect to the divergence of the rat Yc gene.
5.3.5.2 Phylogeny based upon nine 3’ untranslated regions
Nine 3’ UTRs (each 76 nucleotides) of alpha class GST genes were aligned 
as shown in figure 3.9. A single most parsimonious cladogram of the aligned 3’ 
UTRs is shown in figure 5.3B. From the bootstrap values given, it can be seen that 
whilst the rodent branchings are highly significant, the human branchings are not 
generally as significant. The exception is where GST2 branches from the group 
consisting of A06, A5-3, A2-5, and GTH (100% of bootstraps, therefore very high 
confidence). The lower confidence levels probably are mainly a reflection of the 
relative shortness of the regions of DNA compared, each comprising only 76 bases.
It can be seen that the tree structure is essentially the same as that based 
upon the whole coding regions, a result that increases confidence in the branching 
order.
The 76 bases of 3’ UTR of GTH2 and A2-5 compared here have identical 
sequences, hence their grouping together. They do however differ by one base in 
each of their exon 6 and 7 sequences. The pseudogene A5-3 is shown to have 
diverged more than the other human genes and pseudogenes in the tree. 
Pseudogenes may be expected to diverge faster than bone fide genes due their 
freedom from selective constraint. The diverged state of A5-3 is suggestive of it 
possibly having attained pseudogene status considerably earlier than its fellow
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pseudogenes, A6-la and A2-5, and hence has had a longer time of unconstrained 
divergence.
The rodent gene 3’ UTRs appear to be diverging at a faster rate than the 
equivalent human regions.
5.3.6 Analysis of synonymous and nonsynonymous substitution rates in human 
and rat alpha class GST genes
Substitution rates per site were calculated for the genes where whole coding 
regions were available: A06 (determined in the present study); GST2 (Board and 
Webb, 1987); GTH2 (Rhoads et al., 1987); rat Ya (Telakowski-Hopkins et al., 
1986); rat Yc (Tu et al., 1984), and mouse Ya (Daniel et al., 1987). Substitution 
rates were also calculated on an exon-by-exon basis for the available exon 
sequences (data not shown), in order to allow the identification of unconstrained 
or abberant rates of substitution, occurring in portions of a gene, suggestive of 
gene conversion events and/or differences in substitution rates between genes and 
pseudogenes.
The results of the whole coding region comparisons serve to reinforce the 
cladogram branch order results presented in section 5.2.1., with GST2 and GTH2 
being clearly closely related, and with A06 being an outlier to the above two human 
genes (table 5.1). The two rodent Ya genes are also clearly clustered, with the Yc 
gene showing considerable divergence from the two Ya genes. Interestingly, the 
rat Yc gene is shown as being more similar to the human genes than to the rodent 
genes [an observation also apparent from an inspection of the cladograms (figure 
5.3), and clearly shown again in the table of matrix comparisons of the 3’ UTRs 
(table 5.2)].
From the exon-by-exon comparisons of substitution rates it is apparent that 
exon 5 is notably diverged between species when compared with the extent of 
divergence of the other exons. In contrast, exons 2 and 4 appear to be more
GST2 GTH2 A06 RYA RYC MYA
GST2 8 17 69 59 60
(3) (4) (10) (9) (9)
GTH2 3 17 72 60 60
(1) (4) (11) (9) (9)
AO 6 5 7 68 67 60
(1) (1) (10) (10) (9)
RYA 14 16 16 72 22
(2) (2) (2) (10) (5)
RYC 15 16 16 21 67
(2) (2) (2) (2) (10)
MYA 15 16 16 2 21
(2) (2) (2) (1) (2)
Table 5.1. Number of substitutions per 100 synonymous (above diagonal) and 
nonsynonymous sites (below diagonal) between human (GST2, GTH2, A06), rat 
(RYA, RYC), and mouse (MYA) genes. Standard error values are shown in 
parentheses.
GTH 2 0.86
^25 0.86 1.0
7,53 0.80 0.86
76 1 0.87 0.86
706 0.91 0.92
MYA 0.42 0.44
RYA 0.41 0.40
RYC 0.61 0.58
GST2 GTH2
0.86
0.86 0.80
0.92 0.86 0.89
0.44 0.42 0.47
0.40 0.40 0.44
0.58 0.55 0.58
725 753 761
0.46
0.41 0.59
0.61 0.43 0.38
706 MYA RYA
Table 5.2. Similarities of 3' UTRs between human (GST2, GTH2, X25, ?v53,
X61, Aj06), mouse (MYA), and rat (RYA) genes. The number "1.0 " represents 
complete identity, and fractions represent less than complete identity.
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evolutionary constrained, retaining a greater degree of resemblance between 
species (figure 3.2 shows exon alignments).
5.4 DISCUSSION
The results of an evolutionary analysis of the available alpha class GST 
nucleotide sequences have been presented. Previous considerations of the 
evolutionary relationships amongst the multiple GST isozymes have been 
restricted to DNA and protein sequence alignments, therefore the present study 
represents the first formal application of rigorous evolutionary statistical analysis 
to GST isozymes. The scope of the present study has been restricted to an analysis 
of GST isozymes within the alpha class, concomitant with the focus of the previous 
chapters.
Immediately apparent upon inspection of alpha class gene sequence and 
structure, is the close evolutionary relatedness between genes within and across 
species, with a marked conservation of exon number, size, sequence, and splice 
positioning. As noted earlier it is clear that the formation of the three GST classes 
(alpha, mu, and pi) predates the separation of the human and rodent species 
(Mannervik and Danielson, 1988). Furthermore, the location of the different GST 
classes to different chromosomes supports the notion that they diverged from each 
other a long time ago, and probably at different evolutionary rates (Chow et al., 
1988). There are apparent exceptions to the conservation of exon number, 
however these occur in pseudogenes and are likely to be deletion mutations from 
an original gene that was of the 7 exon structure.
In contrast to the conservation of exon sequences across species is the 
distinct absence of DNA sequence conservation between the human and rodent 5’ 
flanking regions, despite clearly parallel cellular roles for the rodent and human 
genes, and the implication of common modes of regulatory control (the issue of 
regulatory control elements is treated in detail in chapter 4). The 5’ flanking
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regions of human and rodent alpha class genes are clearly under considerably less 
evolutionary constraint than are their coding regions (and 3’ UTRs).
The comparatively high degree of divergence detected amongst the exon 5 
sequences, between human and rodent, perhaps suggests that the corresponding 
exon 5-encoded protein structure is of comparatively lower critical importance to 
GST enzyme function, than are the protein regions encoded by the more 
conserved exons. Conversely, it is conceivable that the enzyme substrate specificity 
is determined by the exon 5 sequences, and that the sequence variation observed 
reflects a variation in substrate specificities between species.
The construction of cladograms based upon the available DNA sequence 
data has enabled, in most instances, a confident determination of isozyme 
branching order. The rodent Ya genes clearly form an evolutionarily related 
cluster that is markedly distinct from the Yc gene. The rat Yc gene appears to be 
more closely related to the human genes, suggesting that perhaps the human alpha 
class genes described to date, may be the human equivalent of the rodent Yc 
subclass, and that there may exist a human gene(s), equivalent to the rodent Ya 
subclass that remains to be characterized; or perhaps the separation into the Ya 
and Yc subclasses was one that occurred in the rodents subsequent to the 
human/rodent speciation, and that such a class subdivision did not occur in 
humans. There have only been 17 amino acid residues of the N-terminal of the 
human skin-specific isozyme sequenced (Del Boccio et al., 1987), yet those 
determined are identical to those at the N-terminal of the rat Yc protein, therefore 
it may be that this partially characterized isozyme is a particularly closely 
conserved human equivalent of the rodent Yc subclass. The characterization of 
further alpha class isozyme variants, and the availability of additional nucleotide 
sequence data will undoubtedly aid the resolution of this issue.
The data presented in this chapter, are suggestive of a higher rate of 
nucleotide substitution in the rodent genes than in their human homologues, 
although the present study is clearly based upon insufficient DNA sequence to
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provide firm support for such a conclusion. Nevertheless, the results are in accord 
with the conclusions drawn from most recent studies (Britten, 1986; Koop et al., 
1986; Li and Tanimura, 1987), but in contrast to those of Easteal (1988), who 
argued in favour of substitution rate constancy amongst the different mammalian 
orders. One possible factor involved in a faster rate of evolution of rodent genes 
compared with human genes is the generation-time effect; i.e. a shorter generation 
time is postulated as the reason for a higher substitution rate in rodents (Wu and 
Li, 1985). However the predictions of such an effect are not in accord with 
observed rates; e.g. the lagomorph substitution rate is similar to that of primates, 
despite significant differences in generation times between the two orders (Li et 
al., 1990). However the substitution rate is more dependent upon the number of 
DNA replications per unit time in the germ line than on the number of generations 
per unit time (Li et al., 1990). In humans and mice, for example, the difference in 
DNA replication rates is about 7-fold, whereas the difference in generation time is 
approximately 100-fold (Vogel et al., 1976).
A further factor complicating the comparative analysis of DNA substitution 
rates is the varying efficiency of cellular DNA repair mechanisms, which have been 
shown to be closely correlated with lifespan in a number of mammalian species, 
and thus inversely correlated with generation time (Hart and Setlow, 1974). Thus 
the mouse, with shorter generation and DNA replication times than the human, 
also has reduced DNA repair efficiency with respect to the human, from which one 
would expect a priori, faster nucleotide sustitution rates in the rodent than in the 
human.
Mannervik has speculated that the microsomal GST (Morgenstern et al., 
1985), at about half the size of cytosolic GSTs, may be a descendant of an ancestral 
gene that by gene recombination and fusion has given rise to the larger cytosolic 
GST proteins evident today (Mannervik, 1985). Extrapolating from observed 
relationships between exons in DNA, and structural domains in the corresponding 
protein structure, Mannervik suggests that during evolution a gene for a primative
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GSH-activating protein may have been complemented with exons coding for 
domains that afford specificity for the electrophilic substrate. Examples of the 
correlation of specific function encoding domains with particular exons have been 
described (Go, 1983), and gene assembly in this manner has been invoked as an 
explanation for the existence of the intronic structure of some eukaryotic genes 
(Breathnach and Chambon, 1981).
The complexity of the GST gene family parallels that of the cytochrome P- 
450 multigene family, and a comparison between the two is of interest. Both gene 
families are a complex group of closely related, multifunctional proteins with 
broad overlapping substrate specificities The two gene families function in concert 
in the metabolism of exogenous compounds, and are commonly induced by the 
same compounds. Rothkopf et al (1986) have suggested that in view of the 
parallels in protective function, inducibility, broad substrate specificity, and size 
and relatedness of family members, it is conceivable that the GST and cytochrome 
P-450 gene families arose via similar evolutionary pathways.
Chapter Six
General Discussion 
and
Conclusions
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CHAPTER 6 GENERAL DISCUSSION .AND CONCLUSIONS 
6.1 CONCLUDING DISCUSSION
The human glutathione S-transferase isozymes are grouped into three main classes 
on the basis of protein primary structure, substrate specificity, inhibitor sensitivity, 
and antigenic differences (Mannervik, 1985). A newly characterized group of rat 
enzymes may constitute an additional evolutionary class, designated Theta 
(Hiratsuka, 1990). Furthermore, the microsomal GSTs (Morgenstern et ai, 1982) 
do not fit into any of the existing classes, and are classified separately from the 
cytosolic GSTs. The separation of isozymes into the three classes, alpha, mu and 
pi, is also made for the GST isozymes of rat and mouse, which share considerable 
homology with the human proteins. Prior to this study nothing was known of the 
human alpha class genes, however, human and rodent mu and pi class, and rodent 
alpha class genes have previously been characterized.
The studies reported in this thesis describe the extensive characterization of 
a family of human alpha class GST genes and pseudogenes. Chapter 3 details the 
isolation of a large pool of clones from a human XEMBL3A genomic library, using 
a human GST2 cDNA probe, and the subsequent restriction endonuclease 
mapping and DNA sequence analysis of the 7 unique X clones obtained. In total, 
ninety kilobases of non-overlapping human genomic DNA were restriction 
mapped. In order to determine the extent and location of candidate alpha class 
GST genes restriction digests of the X clones were hybridized with portions of the 
GST2 cDNA and specific oligonucleotides corresponding to predicted exon 
sequences. Three apparently bone fide alpha class GST genes and four related 
pseudogenes were identified. The prototypical human alpha class gene was 
determined to be approximately 13kb in length, whilst the average EMBL3A 
human genomic insert was a little longer at about 17kb, therefore without 
exception all of the genes and pseudogenes isolated were incomplete, and were not 
able to be completed, even after several further rounds of EMBL3A and cosmid 
library screening. PCR amplification of human genomic DNA using GST specific
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oligonucleotide primers also failed to yield the missing portions of clones. 
Detailed nucleotide sequence analysis was presented, of all of the available coding 
regions of the three genes isolated within the EMBL3A clones, along with 
considerable intronic sequence. The pseudogenes were also thoroughly 
characterized, with sequence obtained for all bar two of the available exons, along 
with the sequence of several entire introns.
In one instance, a pseudogene (A6-la) was positioned a mere 1740bp 
upstream of an alpha class GST gene (A6-lb), which appears to be the gene 
encoding the major human liver alpha class GST isozyme. The entire nucleotide 
sequence from exon 6 of the X6-la pseudogene, through its exon 7, and 
downstream through to exon 1 of A6-lb was obtained. Chapter 4 presented a 
detailed analysis of the putative regulatory functions of the 5’ flanking region of A6- 
lb, along with an analysis of the regulatory signals of the five 3’ UTRs also 
characterized in the present study. The human alpha class GST genes are 
anticipated to be inducible by a similar range of xenobiotics to those which induce 
rat and mouse homologous genes, and as expected a range of putative regulatory 
signals were identified having similarity to those with a demonstrated role in 
rodent alpha class GST transcriptional control.
Having sequence data now available for ten human and rodent alpha class 
genes (strictly 9, since cDNA sequence data only was available for the rat Yc 
isozyme) has enabled the first statistical analysis of the evolutionary relationships 
amongst GST isozymes to be performed. The analysis was confined to the alpha 
class GST genes, an interclass, interspecies analysis of all available GST nucleotide 
sequence data, firstly, was beyond the scope of the present study and secondly, is 
presently being undertaken by others in this laboratory. Chapter 5 details the 
results and significance of that analysis. Significantly the human GST genes and 
pseudogenes characterized herein appear to be more closely related to the rat Yc 
isozyme than to the rodent Ya subclass genes, furthermore the above two rodent 
subclasses were shown to be considerably diverged from one another. The rat Yc
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gene and its 5’ flanking region have not been characterized, thus there is no direct 
knowledge of its regulation, however it is possible that the regulation of the 
human alpha class gene may also be more similar to that of the rat Yc gene than to 
that of the rat Ya gene.
The apparent absence of any processed (reverse transcribed) pseudogene 
members of the alpha class GST gene family was not unexpected, given the 
localization of the human alpha class family of genes to a single chromosomal 
location (Board and Webb, 1987) - processed pseudogenes can be inserted at any 
genomic location and thus it would be highly statistically improbable for such 
reverse transcripts to become located so close to their progenitor genes. 
Furthermore, the apparent absence of processed pseudogenes suggests that the 
alpha class GST genes are not transcriptionally active in the germ cells or during 
embryogenesis, since the generation of inheritable processed pseudogenes would 
have to occur at those times, and is believed to require the presence of mRNA 
transcripts (Weiner et al., 1986).
It is apparent that there exists little allelic variation at the human alpha class 
GST locus. Previous work in this laboratory detected only a single two allele 
polymorphism with the enzyme HgiAI, when using the pGST2-PvuII plasmid 
(Board and Webb, 1987) as a probe (Chen and Board, 1987). The pGST2-PvuII 
probe was also hybridized with fragments restricted by Avail, BamHl, EcoRl, 
EcoRV, Haelll, Hindi, Hindlll, MspI, PstI, PvuII, Rsal, SacI, StuI, and TaqI, 
however no further polymorphisms were detected. However it has been estimated 
from other genes studied that about 1 in 100 noncoding nucleotide sites may be 
polymorphic, based upon the very high degree of variation outside the coding 
portions of the globin gene (Jeffery, 1979; Murray et al., 1983) thus it was 
considered likely that other polymorphisms at the GST locus would exist (Chen 
and Board, 1987). Nevertheless, owing to the high cost of HgiAI, extensive 
investigations of the GST2 RFLP were not attempted. Considerable individual 
variation in human liver levels of the two alpha class GST isozymes has been
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reported (Board, 1981), but given the apparent absence of allelic variation such 
individual differences are likely to result from regulatory or environmentally 
determined differences. In conclusion, the existence of significant allelic variation 
and variations in gene copy number at the human alpha class GST locus, must be 
considered unlikely.
It is still uncertain how many alpha class GSTs exist in human tissues. It is 
generally agreed that there exist two predominant alpha class transcripts in human 
liver (Stockman et al., 1985; Soma et al., 1986) which is the major location of the 
alpha class isozymes. These two transcripts are expected to be the products of \6- 
lb and A7a, described in the present study. Vander Jagt et al. (1985) have 
described the isolation of 13 alpha class GSTs from human liver, however these 
results are at variance with those of other workers in the field (Board, 1981; Suzuki 
et al., 1987; Hayes et al., 1989). It is considered highly likely that the large number 
of forms isolated by Vander Jagt et al. (1985) do not represent separate transcripts 
or enzymes but are multiple forms generated by the purification strategy - GSH- 
Sepharose affinity chromotography and chromatofocussing (Hayes et al., 1989). 
GST hetero- and homodimers are known to elute from ion-exchangers as multiple 
peaks in the absence of GSH, but coalesce upon the addition of 2mM GSH (Hayes 
et al., 1983). The present study reports the isolation and characterization of 
portions of 7 alpha class GST genes and pseudogenes, known to reside at a single 
chromosomal locus (Board and Webb, 1987), the result of multiple screenings of a 
human genomic library, and it must therefore be considered unlikely that the final 
tally will greatly exceed the present number described.
The apparent absence of exons 1 and two from two of the pseudogenes 
described (A2-5 and A5-3) is of interest, and may be attributable to one of two 
events. Firstly, an ancestral progenitor of the two pseudogenes may have suffered 
a deletion mutation event, perhaps as a result of the "looping out" of a length of 
DNA from a stem and loop structure formed between two regions of 
complementary sequence. Secondly, an unequal crossing over event may have
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occurred, generating the presently observed truncated pseudogenes. Similar 
events have been documented as occurring in the globin genes and giving rise to 
thalassemia (Bowden et al., 1985). The presence of Alu repetitive sequences has 
been suggested to confer a degree of instability to areas of the genome where they 
occur (Jelinek et al, 1980). Since there are approximately 5 x 10^ Alu sequences in 
the human genome, repeats are expected to occur approximately every 3 to 5 kb 
(Jelinek and Schmitt, 1982). However no Alu repeats were encountered in the 
present alpha class GST gene characterizations, although since few of the intron 
sequences were characterized, there may in fact exist several undetected Alu 
sequences amongst the presently described genomic clones.
The characterization of the human alpha class GST gene subfamily 
described herein adds significant new information to that already accumulated for 
the homologous rodent gene structures. Most notably, the availability, of gene 
structural information for each of the GST classes (alpha, mu, and pi), of human, 
rat, and mouse will serve to highlight the major similarities and differences 
amongst the respective family representatives, greatly facilitating the aquisition of 
an understanding of the structure/function relationships of the proteins comprising 
this important group of enzymes. Regulatory control mechanisms of the respective 
classes of GST gene are being elucidated at a rapid rate as a result of the 
availability of an increasing body of data on GST gene structure. The current work 
now enables, for the first time, a comprensive analysis of the transcriptional 
control of the human alpha class GST genes to be undertaken, which in turn will 
lead to better understanding of one aspect of the celß extensive protective regime.
6.2 FUTURE STUDIES
In recent years significant advances have been made in our understanding of 
the structure and function of the glutathione S-transferases. Advances in the 
methodology of molecular biology and protein chemistry have made possible today 
what was seemingly imposssible only a few years ago.
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The present study has provided detailed structural analysis of portions of 
seven human alpha class genes and pseudogenes. It is clearly important to obtain 
and characterize the remainders of the clones described herein, and to determine 
the full extent of the human alpha class GST gene family. Suitable probes are now 
available for reprobing genomic libraries. Alternatively, the use of PCR is likely to 
be a fruitful approach for obtaining remaining fragments of these closely related 
genes. Oligonucleotide primers corresponding to exon sequence, mostly already 
made, can be used for the distal, unknown regions of the sought after fragments. 
In order to confer some specificity of amplification, primers for the proximal, 
already cloned regions should be made corresponding to intronic sequence. 
Recent improvements in the ligation of PCR amplified products into cloning 
vectors, including kinasing the primers, should facilitate obtaining the desired 
products.
The isolation of cosmid clones with inserts encompassing two or more 
members of the human alpha class gene family was attempted, albeit 
unsuccessfully, in the present study. It is important that such clones are isolated in 
order that a map showing the chromosomal arrangement of the human alpha class 
gene family can be determined. Two of the lambda clones described in the present 
study contain genes closely adjoining pseudogenes, and it is anticipated that there 
will not be great distances between any of the alpha class GSTs in humans, given 
the chromosomal location of these genes to a single locus (Board and Webb, 
1987). A knowledge of the chromosomal arrangement of the human alpha class 
GST genes is likely to be important in the elucidation of the transcriptional 
regulation of this gene family, an area which constitutes a significant gap in our 
understanding of these genes at present.
The characterization of the 5’ flanking region of \6-lb, the gene apparently 
encoding the major liver GST transcript has been achieved in the present study, 
and it is now possible for an experimental analysis of the transcriptional control of 
this gene to be undertaken. An understanding of the regulatory control of the
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rodent alpha class genes is emerging and has made possible a preliminary analysis 
of the putative regulatory signals of A6-lb. What is now required is for deletion 
constructs to be made of the 5’ flanking region of A6-lb and then used to drive a 
reporter gene, so that the functional significance of the putative control elements 
can be evaluated. This work can be guided by what is already known of the 
regulation of the homologous rodent genes, and by the regions of potential 
importance identified in the present study.
It is unlikely that significant allelic variation occurs at the human alpha class 
GST locus, nevertheless it is important to determine the factors influencing the 
individual variations in expression of these genes. It is possible that deficiencies in 
one or other of the GSTs will predispose an individual to health risks (Board, 
1981). Thus it is important that further investigation is directed to this area, so 
that possible health risks to deficient individuals can be identified and hopefully 
avoided.
Given the suspected role of GSTs in the development of resistance to 
therapeutic drugs, a better understanding of the GST gene family is also likely to 
enable more effective and efficient strategies of chemotherapy to be developed, 
underscoring the importance of a thorough knowledge of the regulatory control of 
the alpha class and other GSTs.
6.3 CONCLUSIONS
The results and discussion constituting the present study have largely 
fulfilled the initial aim of the structural characterization of the human alpha class 
GST gene family, and have also provided an interesting insight into the 
evolutionary relationships amongst the human and rodent alpha class GST genes. 
The present results also emphasise the power of the techniques of modern 
molecular biology in the analsis of fundamental biological problems. Those 
techniques have enabled theanalysisof extensive regions of seven comparatively 
large human alpha class GST genes and pseudogenes. The structure and sequence
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of these genes is now known to be conserved with respect to that of the previously 
characterized rodent genes.
Major portions of three apparently bona fide human alpha class GST genes 
have been described, as well as the characterization of large regions of four human 
alpha class GST pseudogenes
Seven genomic clones constituting ninety kilobases of noncontiguous human 
genomic DNA have been restriction endonuclease mapped, and the positions and 
restriction maps of the genes and pseudogenes within each have been determined.
A detailed analysis of the putative regulatory elements of the 5’ flanking 
region of A6-lb was undertaken, and revealed several potential regulatory signals. 
Five heat shock elements were identified which suggests that the human alpha 
class GSTs may be stress induced. A pair of drug response elements and an 
antioxidant response element-like sequence were also identified. An element with 
good homology to the previously described xenobiotic response element (XRE) 
was identified, and contained within it a pair of XRE core sequences. A putative 
basal level response signal, the hepatocyte nuclear factor 1 recognition sequence 
was also identified, as were a probable TATA and a possible CAAT box. It is 
concluded that A6-lb is likely to be induced and regulated in a manner similar to 
that of the rat and mouse alpha class GST genes.
The first formal application of :rigorous evolutionary statistical techniques 
to GST genes has been undertaken, and has revealed that the human genes appear 
more closely related to the rat Yc genes than to the better characterized rat and 
mouse Ya genes.
It is hoped that the present study will contribute to a fuller understanding of 
human alpha class GST gene structure, regulation, and evolution, which in turn 
will assist in the aim of a complete understanding of the cellular roles of this 
important and complex family of enzymes.
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